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Preface

These notes are the written version of lectures given at the Compstar 2010 School® held in Caen
on 8-16 February 2010. They are intended to introduce the theory of rotating stars in general
relativity. Whereas the application is clearly towards neutron stars (and associated objects
like strange quark stars), these last ones are not discussed here, except for illustrative purposes.
Instead the focus is put on the theoretical foundations, with a detailed discussion of the spacetime
symmetries, the choice of coordinates and the derivation of the equations of structure from the
Einstein equation. The global properties of rotating stars (mass, angular momentum, redshifts,
orbits, etc.) are also introduced. These notes can be fruitfully complemented by N. Stergioulas’
review [95] and by J.L. Friedman & N. Stergioulas’ textbook [11]. In addition, the textbook
by P. Haensel, A. Y. Potekhin & D. G. Yakovlev [55] provides a good introduction to rotating
neutron star models computed by the method exposed here.

The present notes are limited to perfect fluid stars. For more complicated physics (super-
fluidity, dissipation, etc.), see N. Andersson & G. L. Comer’s review [5]. Magnetized stars are
treated in J. A. Pons’ lectures [37]. Moreover, the stability of rotating stars is not investigated
here. For a review of this rich topic, see N. Stergioulas’ article [95] or L. Villain’s one [103].

To make the exposure rather self-contained, a brief overview of general relativity and the
3+1 formalism is given in Chap. 1. For the experienced reader, this can be considered as a mere
presentation of the notations used in the text. Chap. 2 is entirely devoted to the spacetime
symmetries relevant for rotating stars, namely stationarity and axisymmetry. The choice of co-
ordinates is also discussed in this chapter. The system of partial differential equations governing
the structure of rotating stars is derived from the Einstein equation in Chap. 3, where its numer-
ical resolution is also discussed. Finally, Chap. 4 presents the global properties of rotating stars,
some of them being directly measurable by a distant observer, like the redshifts. The circular
orbits around the star are also discussed in this chapter.
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Chapter 1

General relativity in brief
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1.1 Geometrical framework

1.1.1 The spacetime of general relativity

Relativity has performed the fusion of space and time, two notions which were completely distinct
in Newtonian mechanics. This gave rise to the concept of spacetime, on which both the special
and general theory of relativity are based. Although this is not particularly fruitful (except for
contrasting with the relativistic case), one may also speak of spacetime in the Newtonian frame-
work: the Newtonian spacetime .# is nothing but the affine space R*, foliated by the hyperplanes
>t of constant absolute time ¢: these hyperplanes represent the ordinary 3-dimensional space at
successive instants. The foliation (3;)¢cgr is a basic structure of the Newtonian spacetime and
does not depend upon any observer. The worldline L of a particle is the curve in .# generated
by the successive positions of the particle. At any point A € L, the time read on a clock moving
along L is simply the parameter t of the hyperplane 3; that intersects £ at A.

The spacetime .Z of special relativity is the same mathematical space as the Newtonian one,
i.e. the affine space R*. The major difference with the Newtonian case is that there does not
exist any privileged foliation (3;)icr. Physically this means that the notion of absolute time
is absent in special relativity. However . is still endowed with some absolute structure: the
metric tensor g and the associated light cones. The metric tensor is a symmetric bilinear
form g on .#, which defines the scalar product of vectors. The null (isotropic) directions of g
give the worldlines of photons (the light cones). Therefore these worldlines depend only on the
absolute structure g and not, for instance, on the observer who emits the photon.

The spacetime .# of general relativity differs from both Newtonian and special relativistic
spacetimes, in so far as it is no longer the affine space R* but a more general mathematical
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Figure 1.1: The vectors at two points p and ¢ on the spacetime manifold .# belong to two different
vector spaces: the tangent spaces 7, (.#) and J,(A).

structure, namely a manifold. A manifold of dimension /4 is a topological space such that
around each point there exists a neighbourhood which is homeomorphic to an open subset of R*.
This simply means that, locally, one can label the points of .#Z in a continuous way by 4 real
numbers (2%)qeq0,1,2,33 (Which are called coordinates). To cover the full .Z, several different
coordinate patches (charts in mathematical jargon) can be required.

Within the manifold structure the definition of vectors is not as trivial as within the affine
structure of the Newtonian and special relativistic spacetimes. Indeed, only infinitesimal vectors
connecting two infinitely close points can be defined a priori on a manifold. At a given point
p € M, the set of such vectors generates a 4-dimensional vector space, which is called the
tangent space at the point p and is denoted by .7,(.#). The situation is therefore different
from the Newtonian or special relativistic one, for which the very definition of an affine space
provides a unique global vector space. On a manifold there are as many vector spaces as points
p (cf. Fig. 1.1).

Given a coordinate system (xz®) around some point p € .#, one can define a vector basis
(504)&6{0,172,3} of the tangent space 7,(.#) by asking that the components of the infinitesimal
vector pp/ that connect neighbouring points p (coordinates (x%)) and p’ (coordinates (z® + dx®))
are the infinitesimal increments dz® in the coordinates when moving from p to p':

3
= Z dz® 8, = da® 8,. (1.1)
a=0

For the second equality in the above equation, we have used Einstein summation convention
on repeated indices, which amounts to omitting the > sign. We shall make a systematic use of
this convention in these notes. The vector basis (5(1) is called the matural basis associated
with the coordinates (z*). The notation . is inspired by 0/0z% and is a reminiscence of the
intrinsic definition of vectors on a manifold as differential operators acting on scalar fields (see
e.g. [104]).

For any vector ¥ € J,(.#) (not necessarily an infinitesimal one), one defines the components
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(v*) of @ in the basis (8,) according to the expansion

—

U = 0% 8,. (1.2)

1.1.2 Linear forms

Besides vectors, important objects on the manifold .# are linear forms. At each point p € .,
a linear form is a an application’

w: I(A) — R (1.3)
U —  (w, V) '
that is linear: (w, AU + 1) = Mw, V) + (w,d). The set of all linear forms at p constitutes a 4-
dimensional vector space, which is called the dual space of 7,(.#) and denoted by F,(.#)*. A

—

field of linear forms on .# is called a 1-form. Given the natural basis (8,) of 7,(.#') associated
with the coordinates (%), there is a unique basis of .7,(.#)*, denoted by (dz?®), such that

(dz®, 8) = 6%, (1.4)

where §% is the Kronecker symbol : 6% = 1 if o = 3 and 0 otherwise. The basis (dz?)

is called the dual basis of the basis (8,). The notation (dz®) stems from the fact that if we
apply the linear form dz® to the infinitesimal displacement vector (1.1), we get nothing but the
number dz®:

(da®, pp) = (da®, da 8) = daP(da®, 8p) = da §°4 = da”. (1.5)
The dual basis can be used to expand any linear form w, thereby defining its components wg:
w = w, dz. (1.6)

In terms of components, the action of a linear form on a vector takes then a very simple form:

| (w, ) = war”], (1.7)

Given a smooth scalar field on .# , namely a smooth application f : .#Z — R, there exists a
1-form canonically associated with it, called the gradient of f and denoted df. It is the unique
linear form which, once applied to the infinitesimal displacement vector pp’, gives the change in
f between points p and p':

df := f(p') = f(p) = df (@D). (1.8)

Since df = 9f /0x® dz®, formula (1.5) implies that the components of the gradient with respect
to the dual basis are nothing but the partial derivatives of f with respect to the coordinates (z%)

of
df = — dz“. 1.9
=it (19)
Remark : In non-relativistic physics, the gradient is very often considered as a vector and not as a
1-form. This is so because one associates implicitly a vector & to any 1-form w via the Euclidean
scalar product of R3: V&' € R?, (w, ) = &-9. Accordingly, formula (1.8) is rewritten as df = V.f-pp’.
But one shall keep in mind that, fundamentally, the gradient is a linear form and not a vector.

!"We are using the same bra-ket notation as in quantum mechanics to denote the action of a linear form on a
vector.
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1.1.3 Tensors

In relativistic physics, an abundant use is made of linear forms and their generalizations: the
tensors. A temsor of type (k,/l), also called tensor k times contravariant and ¢ times
covariant, is an application

T: Fp( M) X X T M) X T (M) XX Tp(M) — R

N~

k times £ times
(wl,... ,wk,f)’l,... ,17() — T(wl,... ,wk,ﬁl,... ,’l?g)
(1.10)
that is linear with respect to each of its arguments. The integer k+/ is called the valence of the
tensor. Let us recall the canonical duality 7,(.#)** = J,(.# ), which means that every vector
U can be considered as a linear form on the space 7,(#)*, via ¥ : F,(4)* = R, w — (w, 7).
Accordingly a vector is a tensor of type (1,0). A linear form is a tensor of type (0,1). A tensor
of type (0,2) is called a bilinear form. It maps couples of vectors to real numbers, in a linear
way for each vector.
Given the natural basis (5a) associated with some coordinates (z%) and the corresponding
dual basis (dz?®), we can expand any tensor T' of type (k, ) as

T=T"""%, 4 8, ®... 08, ad"®. . od| (1.11)

where the tensor product 8y, ® ... ® 5% ®dz® @ ... ® da? is the tensor of type (k,£) for

which the image of (w1,...,wk,¥1,...,7;) as in (1.10) is the real number
k 4
[Twi 0a,) x J](da™,5;).
i=1 j=1

Notice that all the products in the above formula are simply products in R. The 4%t¢ scalar
coefficients Tal"'a’“ﬁl__ﬂz in (1.11) are called the components of the tensor T with respect
the coordinates (z®). These components are unique and fully characterize the tensor T

Remark : The notation v and w, already introduced for the components of a vector ¥ or a linear form
w are of course the particular cases (k,¢) = (1,0) and (k, £) = (0,1) of the general definition given
above.

1.1.4 Metric tensor

As for special relativity, the fundamental structure given on the spacetime manifold .# of general
relativity is the metric tensor g. It is now a field on .#: at each point p € .#, g(p) is a bilinear
form acting on vectors in the tangent space .7,(.#):

gp): (M) x Tp(A) — R

(d@, ) — (@, ). (1.12)

It is demanded that

e g is symmetric: g(u,v) = g(v, u);
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e gis non-degenerate: any vector 4 that is orthogonal to all vectors (V¥ € J,(#), g(u,v
0) is necessarily the null vector;

e g has a signature (—,+,+,+): in any basis of .7,(.#) where the components (g,g) form
a diagonal matrix, there is necessarily one negative component (goo say) and three positive

ones (g11, g22 and gz say).

Remark : An alternative convention for the signature of g exists in the literature (mostly in particle
physics): (4,—,—,—). It is of course equivalent to the convention adopted here (via a mere
replacement of g by —g). The reader is warned that the two signatures may lead to different signs
in some formulas (not in the values of measurable quantities !).

The properties of being symmetric and non-degenerate are typical of a scalar product,
thereby justifying the notation

U= g(d,?) = gap u™v’ (1.13)

that we shall employ throughout. The last equality in the above equation involves the components
gap of g, which according to definition (1.11), are given by

g = gop da® @ dz”. (1.14)

The isotropic directions of g give the local light cones: a vector v € J,(.#) satisfying
v -9 = 0 is tangent to a light cone and called a null or lightlike vector. If ¥ - ¥ < 0, the vector
v is said timelike and if v - v > 0, U is said spacelike.

1.1.5 Covariant derivative

Given a vector field ¥ on ., it is natural to consider the variation of ¥ between two neighbouring
points p and p’. But one faces the following problem: from the manifold structure alone, the
variation of ¥ cannot be defined by a formula analogous to that used for a scalar field [Eq. (1.8)],
namely dv = ¥(p') — ¥(p), because ¥(p’) and ¥(p) belong to different vector spaces: F, (.#)
and 7,(.4) respectively (cf. Fig. 1.1). Accordingly the subtraction ¥(p’) — ¥(p) is not well
defined ! The resolution of this problem is provided by introducing an affine connection on
the manifold, i.e. of a operator V that, at any point p € .#, associates to any infinitesimal
displacement vector pp’ € ,(#) a vector of F,(.#) denoted Vp—]g’ﬁ that one defines as the

variation of v between p and p':
dv = V@/'B. (1.15)

The complete definition of V allows for any vector @ € Z,(.#) instead of pp’ and includes all
the properties of a derivative operator (Leibniz rule, etc...), which we shall not list here (see e.g.
Wald’s textbook [104]). One says that U is transported parallelly to itself between p and p/
iff dv = 0.

The name connection stems from the fact that, by providing the definition of the variation dv,
the operator V' connects the adjacent tangent spaces 7,(.#) and J,(.#). From the manifold
structure alone, there exists an infinite number of possible connections and none is preferred.
Taking account the metric tensor g changes the situation: there exists a unique connection,
called the Lewvi-Civita connection, such that the tangent vectors to the geodesics with respect
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to g are transported parallelly to themselves along the geodesics. In what follows, we will make
use only of the Levi-Civita connection.

Given a vector field ¥ and a point p € .#, we can consider the type (1, 1) tensor at p denoted
by V4(p) and defined by

Vi) o Gp(M) x Tp(M) — R
B o (1.16)

(w,w) — w(Vg?)

By varying p we get a type (1, 1) tensor field denoted V4 and called the covariant derivative

of U.

The covariant derivative is extended to any tensor field by (i) demanding that for a scalar
field Vf := df and (ii) using the Leibniz rule. As a result, the covariant derivative of a tensor
field T of type (k,£) is a tensor field VT of type (k,¢+ 1). Its components with respect a given
coordinate system (z®) are denoted

VT g = (VI g o (1.17)
(note the position of the index 7 !) and are given by
P NS
vammakﬁl--ﬂz - %Talmakﬁl”ﬂz * ZPQ}YJ r kﬁl“ﬂl
g i=1
_Z;Favﬁi Tmmakﬁl---g--ﬂe’ (1.18)
- )

(2

where the coefficients I’O‘,Yﬁ are the Christoffel symbols of the metric g with respect to the
coordinates (z%). They are expressible in terms of the partial derivatives of the components of

the metric tensor, via
1 09, 0¢re O
e 4= —ga0< Jof 4 Zhe _ gw), (1.19)

2 oxY 0zb 0x°

where ¢®? stands for the components of the inverse matrix? of (9ap):

9" gup = 0. (1.20)

A distinctive feature of the Levi-Civita connection is that

[Vg=0] (1.21)

Given a vector field 4 and a tensor field T of type (k, £), we define the covariant derivative
of T along u as
VaT :=VT(.,...,.,4). (1.22)
——
k+¢ slots

Note that V3T is a tensor of the same type (k,¢) as T and that its components are

(VaT)* g 5, =ulV T, (1.23)

2Since g is non-degenerate, its matrix (gap) is always invertible, whatever the coordinate system.
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1.2 Einstein equation
General relativity is ruled by the Einstein equation:
1 877G
R——-Rg= T 1.24
sRg=—75T| (1.24)

where R is the Ricci tensor associated with the Levi-Civita connection V (to be defined below),
R :=trgR = g"" R, is the trace of R with respect to g and T is the energy-momentum tensor of
matter and electromagnetic field® (to be defined below). The constants G and ¢ are respectively
Newton’s gravitational constant and the speed of light. In the rest of this lecture, we choose
units such that

G=1 and c=1 (1.25)

The Ricci tensor R is a part of the Riemann tensor R, a type (1,3) tensor which
describes the curvature of V, i.e. the tendency of two initially parallel geodesics to deviate
from each other. Equivalently the Riemann tensor measures the lack of commutativity of two
successive covariant derivatives:

VuVou® =V, V0 =R, v’ (1.26)
The Ricci tensor R is defined as the following trace of the Riemann tensor:
Rag =TR", 5 (1.27)

It is expressible in terms of the derivatives of the components of the metric tensor with respect
to some coordinate system (z%) as

or+ or*
= o . B voopp
Bap = ot OB +T aﬁr p r aur VB (1.28)

where the I'* B have to be replaced by their expression (1.19). Although this not obvious on the
above expression, the Ricci tensor is symmetric : Rg, = Rag-

Having defined the left-hand side of Einstein equation (1.24), let us focus on the right-hand
side, namely the energy-momentum tensor T. To define it, let us introduce a generic observer
O in spacetime. It is described by its worldline ., which is a timelike curve in ., and the
future-directed unit vector ¢ tangent to .Z (the so-called observer 4-velocity):

@-i=—1 (1.29)

An important operator is the projector L onto the 3-dimensional vector space E, orthogonal to
U, which can be considered as the local rest space of the observer O. L is a type (1,1) tensor,
the components of which are

1% = 6% + uug. (1.30)

In particular, J_O‘Buﬁ =u® + uo‘u5u5 = u® 4+ u*(—1) = 0. The energy-momentum tensor T is
the bilinear form defined by the following properties which must be valid for any observer O:

30r any kind of field which are present in spacetime.
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the energy density measured by O is

E =T (u,u) = T, u'u” ; (1.31)

the momentum density measured by O is the 1-form p the components of which are

Pa = _T;ux u” LH (132)

a )

the energy flux “vector™ measured by O is the 1-form ¢ the components of which are

Pa = _T;w UMJ—Va ; (1.33)

the stress tensor measured by O is the tensor S the components of which are
Sap =T L', 175 (1.34)

A basic property of the energy-momentum tensor is to be symmetric. Anyway, it could not be
otherwise since the left-hand side of Einstein equation (1.24) is symmetric. From Eqgs. (1.32) and
(1.33), the symmetry of T implies the equality of the momentum density and the energy flux
form®: p = ¢ . This reflects the equivalence of mass and energy in relativity.

Another property of T follows from the following geometric property, known as contracted
Bianchi identity:

1
% (Rw - §ng> — 0, (1.35)

where V# := ¢g"’V,,. The Einstein equation (1.24) implies then the vanishing of the divergence
of T

VAT =0, (1.36)

This equation is a local expression of the conservation of energy and momentum.
An astrophysically very important case of energy-momentum tensor is that of a perfect
fluid:

, (1.37)

[T =(c+puvu+pg

where u is the 1-form associated by metric duality® to a unit timelike vector field @ representing
the fluid 4-velocity, € and p are two scalar fields, representing respectively the energy density and
the pressure, both in the fluid frame. Indeed, plugging Eq. (1.37) into Eqs. (1.31)-(1.34) leads
respectively to the following measured quantities by an observer comoving with the fluid:

E=¢, pa=0, ,po=0, SaB:pJ—aﬁ-

1.3 3+1 formalism

The 3+1 decomposition of Einstein equation is the standard formulation used in numerical
relativity [4, 15, 46]. It is also very useful in the study of rotating stars. Therefore we introduce
it briefly here (see e.g. [16] for an extended presentation).

4For an electromagnetic field, this is the Poynting vector.
SRestoring units where ¢ # 1, this relation must read p = ¢ 2.
5The components of u are uy, = gaguﬁ.
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Figure 1.2: Foliation of the spacetime .# by a family of spacelike hypersurfaces (3)tcr.

1.3.1 Foliation of spacetime

The 3-+1 formalism relies on a slicing of spacetime by a family of spacelike hypersurfaces (X¢):cr.
Hypersurface means that Y; is a 3-dimensional submanifold of .Z, spacelike means that every
vector tangent to ¥ is spacelike and slicing means (cf. Fig. 1.2)

M=) (1.38)

teR

with ¥; N Xy = 0 for ¢ # t'. Not all spacetimes allow for a global foliation as in Eq. (1.38), but
only those belonging to the class of the so-called globally hyperbolic spacetimes”. However
this class is large enough to encompass spacetimes generated by rotating stars.

At this stage, t is a real parameter labelling the hypersurfaces ¥;, to be identified later with
some “coordinate time”. We may consider ¢ as a scalar field on .#. It gradient Vt = df is then
a 1-form that satisfies (Vt,4) = 0 for any vector ¥ tangent to ;. This is direct consequence of ¢
being constant on ;. Equivalently the vector V't associated to the 1-form V¢t by metric duality
(i.e. the vector whose components are V¢ = g*#V ,t) is normal to ¥;: V-5 =0 for any vector
v tangent to ;. Since X is spacelike, it possesses at each point a unique unit timelike normal
vector 73, which is future-oriented (cf. Fig. 1.2):

fiof=—1. (1.39)

The two normal vectors Vt and 7i are necessarily colinear:

fi=—-NVt| (1.40)

TCf. [36] or § 3.2.1 of [46] for the precise definition.
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The proportionality coefficient IV is called the lapse function. The minus sign is chosen so that
N > 0 if the scalar field t is increasing towards the future.
Since each hypersurface 3; is assumed to be spacelike, the metric v induced® by g onto 3
is definite positive, i.e.
Vo e T,(%), U#0=~(U,J)>0. (1.41)

Considered as a tensor field on .#, the components of « are given in terms of the components
of the normal via

Yo = Gap t Nalp- (1.42)
Note that if we raise the first index via ¢®?, we get the components of the orthogonal projector
onto 3; [compare with (1.30)] :

7% = 6% +nng, (1.43)
which we will denote by «.

Let D be the Levi-Civita connection in ¥; associated with the metric . It is expressible in

terms of the spacetime connection V and the orthogonal projector ¥ as

DPTCvl...CVp 1___ﬁq _ ,}/Cllliul1 . ’}/apup 71/161 . ryl/qﬁq ryo’ P VUT“L“HP,,L,,VQ. (144)

1.3.2 Eulerian observer or ZAMO

Since 73 is a unit timelike vector, we may consider the family of observers whose 4-velocity is 7i.
Their worldlines are then the field lines of 77 and are everywhere orthogonal to the hypersurfaces
>¢. These observers are called the Fulerian observers. In the context of rotating stars or
black holes, they are also called the locally non-rotating observers [12| or zero-angular-
momentum observers (ZAMO) [102] . Thanks to relation (1.40), the proper time 7 of a
ZAMO is related to t by

dr = N dt, (1.45)

hence the name lapse function given to N. The 4-acceleration of a ZAMO is the vector @ := V z 1.
This vector is tangent to ¥ and is related to the spatial gradient of the lapse function by (see
e.g. § 3.3.3 of [16] for details)
@=DInN =4(VInN). (1.46)

In general @ # 0, so that the ZAMO’s are accelerated observers (they “feel” the gravitational
“force”). On the other side, they are non-rotating: being orthogonal to the hypersurfaces ¥,
their worldlines form a congruence without any twist. Physically this means that the ZAMO’s
do not “feel” any centrifugal nor Coriolis force.

Let us express the energy-momentum tensor T" in terms of the energy E density, the momen-
tum density p and the stress tensor S, these three quantities being measured by the ZAMO:
setting & = 71 and L =4 in Eqgs. (1.31), (1.32) and (1.34), we get

B = T (1.47
Pa = —Tuu’~y*, (1.48)
Sop = T s (1.49)

The associated 3+1 decomposition of the energy-momentum tensor is then:

Tog = Engng +pang + napg + Sap- (1.50)

8~ is nothing but the restriction of g to .
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Figure 1.3: Coordinates (z') on the hypersurfaces ;: each line 2’ = const cuts across the foliation

(34t)ter and defines the time vector 8, and the shift vector 3 of the spacetime coordinate system (x%) =
(t, x%).

1.3.3 Adapted coordinates and shift vector

A coordinate system (2%) is said to be adapted to the foliation (3;)icr iff 2° = t. Then the
triplet? (2%) = (2!, 22, 2%) constitutes a coordinate system on each hypersurface ¥;, which we
may call spatial coordinates. Given such a coordinate system, we may decompose the natural

basis vector 9y into a part along 71 and a part tangent to X;:

d=Nii+8| with 7-8=0. (1.51)

The spacelike vector ,g is called the shift vector. Indeed it measures the shift of the lines of
constant spatial coordinates with respect to the normal to the hypersurfaces ¥ (cf. Fig. 1.3). The
fact that the coefficient of 72 in Eq. (1.51) is the lapse function N is an immediate consequence
of (dt,8,) = 1 [Eq. (1.4)] and relation (1.40). As for any vector tangent to X, the shift vector
has no component along 5t:

B=p5d. (1.52)
Equation (1.51) leads then to the following expression for the components of 7i:
1ot g
o (- =2 F _F ) 1.53
" (N’ NTNTN (1.53)

The covariant components (i.e. the components of the 1-form associated with 7 by metric
duality) are given by Eq. (1.40) and (1.6):

na = (=N, 0,0,0). (1.54)

Remark : It is immediate to check on (1.53)-(1.54) that 7i is a timelike unit vector: 7 - i = n,nt =
(=N)(1/N) = -1

Latin indices (4, ,...) run in {1, 2, 3}, whereas Creek indices (a, §,...) run in {0, 1,2, 3}.
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The components (gqg) of the spacetime metric are expressible in terms of the components
(745) of the induced metric in ¢, the components of the shift vector and the lapse function:

Gop dz® dzP = —N2dt* + ~;;(dz’ + ldt)(da? + Fdt)|. (1.55)

1.3.4 Extrinsic curvature

The intrinsic curvature of the hypersurface ¥; equipped with the induced metric + is given
by the Riemann tensor of the Levi-Civita connection D associated with 4 (cf. § 1.2). On the
other side, the extrinsic curvature describes the way ¥; is embedded into the spacetime (.Z, g).
It is measurable by the variation of the normal unit vector 71 as one moves on ;. More precisely,
the extrinsic curvature tensor K is the bilinear form defined on 3; by

V(@ 7) € T,(50) x (%), K(i,7) = —i - Vgi. (1.56)

It can be shown (see e.g. § 2.3.4 of [16]) that, as a consequence of 7i being hypersurface-
orthogonal, the bilinear form K is symmetric (this result is known as the Weingarten prop-
erty).

The components of K with respect to the coordinates (z') in ¥; are expressible in terms of
the time derivative of the induced metric v according to

L (O N _ L (0w 0w 9B% 0B
Kw‘ﬁ( o —%W> _ﬁ<_ ot T gk g Ty ) (15D

Eﬁ 7vi; stands for the components of the Lie derivative of v along the vector field ,g (cf. Ap-
pendix A) and the second equality results from the 3-dimensional version of Eq. (A.8). The
trace of K with respect to the metric « is connected to the covariant divergence of the unit
normal to X :

K ="K = -V,n" (1.58)
1.3.5 341 Einstein equations

Projecting the Einstein equation (1.24) (i) twice onto ¥, (ii) twice along 7 and (iii) once on X
and once along 71, one gets respectively the following equations [4, 15, 46] :

(1.59)
R+ K? - K;;K" = 167E (1.60)
D;K7?; — D;K = 8mp; | (1.61)

In this system, E, p; and S;; are the matter quantities relative to the ZAMO and are defined
respectively by Eqgs. (1.47)-(1.49). The scalar S is the trace of S with respect to the metric ~:
S =~ Sij. The covariant derivatives D; can be expressed in terms of partial derivatives with
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respect to the spatial coordinates (x%) by means of the Christoffel symbols 3T ik of D associated
with (z%):

PN 5 ON

QKT : :
D;K’, = S+ T KN =T R (1.63)
0K
DiK = . (1.64)

The Eﬁ K;; are the components of the Lie derivative of the tensor K along the vector ,5 (cf.

Appendix A); according to the 3-dimensional version of formula (A.8), they can be expressed in

terms of partial derivatives with respect to the spatial coordinates (x') :

0Ky o3k op*
ook T Brig T Kag g

L5Kij =" (1.65)

The Ricci tensor and scalar curvature of « are expressible according to the 3-dimensional analog
of formula (1.28):

31k
”:6 Fij_a3rk
K "axk OxJ
SR =19"3Ry;. (1.67)

3

ik + 3Fkij3Fl o= 3Fl ik;grklj (166)

Finally, let us recall that K;; is related to the derivatives of v;; by Eq. (1.57).

Equations (1.60) and (1.61), which do not contain any second order time derivative of ~;;,
are called respectively the Hamiltonian constraint and the momentum constraint.

The 3+1 Einstein equations are at the basis of the formulation of general relativity as a
Cauchy problem and are much employed in numerical relativity (for reviews see e.g. |30, 16, 4]).
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Chapter 2

Stationary and axisymmetric
spacetimes
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Having reviewed general relativity in Chap. 1, we focus now on spacetimes that possess two
symmetries: stationarity and axisymmetry, in view of considering rotating stars in Chap. 3.

2.1 Stationary and axisymmetric spacetimes

2.1.1 Definitions
Group action on spacetime

Symmetries of spacetime are described in a coordinate-independent way by means of a (sym-
metry) group acting on the spacetime manifold .#. Through this action, each transformation
belonging to the group displaces points within .# and one demands that the metric g is invariant
under such displacement. More precisely, given a group G, a group action of G on .4 is an
application!

. Gx M — M
(2.1)
(9:p) +— @(g,p) = 9(p)

such that

e Y(g,h) € G? Vpe .#, g(h(p)) = gh(p), where gh denotes the product of g by h according
to the group law of G (cf. Fig. 2.1);

e if e is the identity element of G, then Vp € .Z, e(p) =p .

The orbit of a point p € .# is the set {g(p), g € G} C #, i.e. the set of points which are
connected to p by some group transformation.

Do no confuse the generic element g of the group G with the metric tensor g.
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Figure 2.1: Group action on the spacetime manifold ..

An important class of group actions are those for which G is a one-dimensional Lie group
(i.e. a “continuous” group). Then around e, the elements of G can be labelled by a parameter
t € R, such that g;—9 = e. The orbit of a given point p € .# under the group action is then
either {p} (case where p is fixed point of the group action) or a one-dimensional curve of .Z. In
the latter case, ¢ is then a natural parameter along the curve (cf. Fig. 2.2). The tangent vector
corresponding to that parameter is called the generator of the symmetry group assoctated
with the t parametrization. It is given by

> dx
ot
where dZ is the infinitesimal vector connecting the point p to the point g4 (p) (cf. § 1.1.1 and

Fig. 2.2). The action of G on .# in any infinitesimal neighbourhood of p amounts then to
translations along the infinitesimal vector dt &.

(2.2)

Stationarity

A spacetime (.Z,g) is said to be stationary iff there exists a group action on .# with the
following properties:

1. the group G is isomorphic to (R, +), i.e. the group of unidimensional translations;
2. the orbits are timelike curves in .4

3. the metric is invariant under the group action, which is translated by

ﬁgg =0 y (2.3)

where é’ is the generator of G associated with some parameter ¢ of G and Eg g denotes

the Lie derivative of g along the vector field é’ The Lie derivative measures the variation
of g along the field lines of &, i.e. the variation under the group action, and is defined in
Appendix A.
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p

Figure 2.2: Orbit of a point p under the action of a one-dimensional Lie group, the elements g; of which
being labelled by the parameter ¢t € R. The vector & = d&/dt is the group generator associated with this
parameter.

Remark 1: The property (2.3) expresses the fact that if two vectors @ and ¥ are invariant under trans-

port along the field lines of é then their scalar product 4 - ¥ is also invariant. Indeed, thanks to
the Leibniz rule:

£(@-9) = Lg [0 9)] = (Leg)(d.9) + g(Let,B) + g(d, Le D),

so that if Egﬁ =0 and Egﬁ = 0 hold, Egg = 0 implies Vg(ﬁ -v) = 0.

Remark 2: The property (2.3) is independent of the choice of the generator f, i.e. of the parametrization

t of G. Indeed, under a change of parametrization ¢ — t’, inducing a change of generator é — é’ ,
the following scaling law holds:

Expressing the Lie derivative Lg g according to Eq. (A.11) and using V,ga3 = 0 [property (1.21)]
as well as {4 = gap&" shows that the condition (2.3) is equivalent to

| Va&s + Véa = 0], (2.4)

This equation is known as Killing equation®. Accordingly, the symmetry generator é’ is called
a Killing vector.

For an asymptotically flat spacetime, as we are considering here, we can determine the Killing
field uniquely é’ by demanding that far from the central object é . é’ — —1. Consequently, the
associated parameter ¢ coincides with the proper time of the asymptotically inertial observer at
rest with respect to the central source. In the following we shall employ only that Killing vector.

*Named after the German mathematician Wilhelm Killing (1847-1923).
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Staticity

A spacetime (., g) is said to be static iff
1. it is stationary;

2. the Killing vector field é is orthogonal to a family of hypersurfaces.

Remark : Broadly speaking, condition 1 means that nothing depends on time and condition 2 that
there is “no motion” in spacetime. This will be made clear below for the specific case of rotating
stars: we will show that condition 2 implies that the star is not rotating.

Axisymmetry

A spacetime (A, g) is said to be axisymmetric iff there exists a group action on .# with the
following properties:

1. the group G is isomorphic to SO(2), i.e. the group of rotations in the plane;

2. the metric is invariant under the group action:

’C)Z g = 0 5 (2.5)

X being the generator of GG associated with some parameter ¢ of G and Eg g denoting the
Lie deriwative of g along the vector field x;

3. the set of fixed points under the action of G is a 2-dimensional surface of .#, which we
will denote by A.

Carter [32| has shown that for asymptotically flat spacetimes, which are our main concern here,
the first and second properties in the above definition imply the third one. Moreover, he has
also shown that A is necessarily a timelike 2-surface, i.e. the metric induced on it by g has the
signature (—,+). A is called the rotation axis.

Remark : The 2-dimensional and timelike characters of the rotation axis can be understood by con-
sidering A as the time development (history) of the “standard” one-dimensional rotation axis in a
3-dimensional space.

From the very definition of a generator of a symmetry group, the vector field ¥ must vanish on
the rotation axis (otherwise, the latter would not be a set of fixed points):

Xla=0] (2.6)

In addition, as for E, the condition (2.5) is equivalent to demanding that ¥ be a Killing vector:

| Vaxs + Vsxa =0} (2.7)

Given a SO(2) group action, we can determine uniquely the Killing vector ¥ by demanding
that the associated parameter ¢ takes its values in [0,27[. In the following, we shall always
employ that Killing vector.
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Figure 2.3: Commutativity of the stationary and axisymmetric actions.

2.1.2 Stationarity and axisymmetry

We consider a spacetime (., g) that is both stationary and axisymmetric. Carter has shown in
1970 [32] that no generality is lost by considering that the stationary and axisymmetric actions
commute. In other words, the spacetime (.#, g) is invariant under the action of the Abelian group
R x SO(2), and not only under the actions of R and SO(2) separately. Saying that the stationary
and axisymmetric actions commute means that starting from any point p € .#, moving to the
point ¢ = T;(p) under the action of an element 7T} of the group (R,+) and then displacing ¢
via an element R, of SO(2) yields the same point as when performing the displacements in the
reverse order (cf. Fig. 2.3):

Vpe ., VEER, Yo e [0,2n], Ro(Ti(p) = To(Ru(p)). (2.8)

This property can be translated in terms of the Killing vectors é’ and ¥ associated respectively
with the parameter ¢ of (R, +) and the parameter ¢ of SO(2). Indeed (2.8) is equivalent to the
vanishing of their commutator:

£.%] =0} (2.9)
the commutator being the vector whose components are
oo 8Xa aé-a
€. x]" = f“@ - XMM ="V X = XMVt (2.10)

An important consequence of the above commutation property is that the parameters ¢ and
¢ labelling the two symmetry groups (R,+) and SO(2) can be chosen as coordinates on the
spacetime manifold .#. Indeed, having set the coordinates (¢,¢) = (0,0) to a given point p,
(2.8) implies that we can unambiguously attribute the coordinates (¢, ) to the point obtained
from p by a time translation of parameter ¢ and a rotation of parameter ¢, whatever the order
of these two transformations (cf. Fig. 2.3).

Let us complete (¢,¢) by two other coordinates (z',z%) = (r,6) to get a full coordinate
system on . :

(%) = (t,1,0,9)] (2.11)
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Y=<

X ¢

Figure 2.4: Spherical coordinates (r, 6, ¢) and the associated natural basis (57., 59, 590).

(r,0) are chosen so that the spatial coordinates (r,6,p) are of spherical type: r € [0,+o0],
6 € [0,7] and # = 0 or = 7 on the rotation axis A (cf. Fig. 2.4).

Remark : An alternative choice would have been (z',2?) = (p,2) such that the spatial coordinates

(p, z, ) are of cylindrical type: p € [0,+00[, z € R and p = 0 on A. The relation between the two
types of coordinates is p = rsinf and z = r cos#.

By construction, the coordinate system (2.11) is such that the first and fourth vectors of the
associated natural basis (cf. § 1.1.1) are the two Killing vectors:

—

9=€ and 8,=x (2.12)
Consequently, in terms of tensor components in the coordinates (z®), the Lie derivatives with
respect to & (resp. X) reduce to partial derivatives with respect to ¢ (resp. ¢) [cf. Eq. (A.3)]. In

particular, the stationary and axisymmetry conditions (2.3) and (2.5) are respectively equivalent
to

agozﬁ 8gaﬁ
ot an 9o

=0 (2.13)

For this reason, t and ¢ are called ignorable coordinates. The four coordinates (z®) are said
to be adapted coordinates to the spacetime symmetries.

There is some freedom in choosing the coordinates (z®) with the above properties. Indeed,
any change of coordinates of the form

t = t+T(r0)
r = R(r0)
¢ = o) (2.14)

¢ = o+ 2(r0),

where T, R, © and ® are arbitrary (smooth) functions® of (r,6), lead to another adapted coor-

30f course, to preserve the spherical type of the spatial coordinates, the functions R and © have to fulfill
certain properties.
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Figure 2.5: Change of coordinate ¢t — ¢’ according to (2.14). The solid lines represent the hypersurfaces
of constant ¢ (X;) and the dashed lines those of constant ¢’ (X},). The dotted lines are the orbits of the

—

stationarity action (generator £).

dinate system:

— —

=€ and 9y =% (2.15)

It is important to realize that in the above equation, 5 and X are the same vectors than in
Eq. (2.12). The change of coordinate ¢ — ¢’ according to (2.14) is merely a reparametrization of
each orbit of the stationarity action — reparametrization which leaves invariant the associated
tangent vector £ (cf. Fig. 2.5). A similar thing can be said for ¢ — ¢'.

Remark : As illustrated in Fig. 2.5, stationarity by itself does not introduce a privileged 3+1 slicing of
spacetime (cf. § 1.3), for the change of ¢ coordinate according to (2.14) changes the hypersurfaces
of constant ¢.

2.2 Circular stationary and axisymmetric spacetimes

2.2.1 Orthogonal transitivity

Regarding the components of the metric tensor, the properties (2.13) are a priori the only ones
implied by the spacetime symmetries (stationarity and axisymmetry). There is however a wide
subclass of stationary and axisymmetric spacetimes in which, in addition to (2.13), we are allowed
to set to zero five metric components gns: the so-called circular spacetimes. Furthermore, these
spacetimes are much relevant for astrophysics.

Let us first remark that having g,g = 0 for some value of («a, ) is an orthogonality condition:
that of the vectors 8, and 55, i.e. of the lines {z® = const, o/ # o} and {z% = const, §’ #
B}. Next, we note that, in the present context, there are privileged 2-dimensional surfaces in
spacetime: the orbits of the RxSO(2) group action. They are called the surfaces of transitivity
and denoted .%4, where A is some label. The two Killing vectors E and ¥ are everywhere tangent
to these surfaces and, except on the rotation axis, they form a basis of the tangent space to %4
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at each point. Once adapted coordinates (z®) = (¢,7, 6, ) are chosen, the surfaces of transitivity
can be labelled by the value of (r,8) since both r and 6 are fixed on each of these surfaces:

= So=1{pec .|z (p)=r 2*(p) =0} (2.16)

Remark : 76 is a mere label for the surfaces ..9; the latter depend only on the symmetry group
R x SO(2) and not on the choice of the (r,0) coordinates. A coordinate change (r,6) — (r/,6")
according to (2.14) will simply result in a relabelling of the surfaces .7,¢.

Given the family of 2-surfaces (#,4), one may ask if there exists another family of 2-surfaces,
(Mp) say, which are everywhere orthogonal to .#9. If this is the case, the R x SO(2) group
action is said to be orthogonally transitive [31] and the spacetime (Z,g) to be circular.
One may choose the coordinates (r,0) to lie in Mp, i.e. the label B to be t¢ since both t and
@ are then fixed on each of these surfaces:

Mp =My, ={pe /") =t °(p) = ¢}. (2.17)

The 2-surfaces M p are called the meridional surfaces. In case of orthogonal transitivity, the
following metric components are identically zero, reflecting the orthogonality between .79 and
Mtap:

Gtr = 07 gie = 07 g(pT‘ — 07 glp@ =0. (218)
The following theorem states under which conditions this is guaranteed:

—

Generalized Papapetrou theorem: a stationary (Killing vector £) and axisym-
metric (Killing vector x) spacetime ruled by the Einstein equation is circular iff the
energy-momentum tensor T' obeys to

TPl = 0 (2.19)
XAT, P = o, (2.20)

where the square brackets denote a full antisymmetrization.

This theorem has been demonstrated in the case of vacuum solutions (T' = 0) by Papapetrou
(1966) [35] and extended to the non-vacuum case by Kundt & Triimper (1966) [68] and Carter
(1969) [31, 33] (see also § 7.1 of Wald’s textbook [104], § 7.2.1 of Straumann’s one [98], or § 19.2
of [94]). Note that Eqs. (2.19)-(2.20) are equivalent to

V € Vect(€, %) (2.21)
W e Vect(€,%), (2.22)

where V (resp. W) is the vector whose components are V< = {HT) @ (resp. W< = x*T,, %) and

Vect(g, X) denotes the vector plane generated by é and X.
In the important case of a perfect fluid source, the energy-momentum tensor takes the form
(1.37), so that

T, leghyl = (e + p)&Hu,, uloeP T + p§“5“[°‘§ﬁx'”

0
= (e +p)&u,ul*ex7.
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Similarly,
XMTM [Oégﬁxﬂ = (e + p)x uy u[agﬁxvl )

Since € and @ are both timelike, we have &"uy, # 0. The circularity conditions (2.19)-(2.20) are
therefore equivalent to
uleeb N = o, (2.23)

l.e. to

@ € Vect(€,X) | (2.24)

Taking into account that é’ = 3_;5 and X = 8_;,, the above condition is equivalent to v = 0 and
0
u’ =0, or

i = ut <§+ sz) , (2.25)
with
u?  dy
ut dt (2:26)

The 4-velocity (2.25) describes a pure circular motion of the fluid around the rotation axis,
hence the qualifier circular given to spacetimes that obeys the orthogonal transitivity property.
In such case, there is no fluid motion in the meridional surfaces, i.e. no convection. Stationary
and axisymmetric spacetimes that are not circular have been studied in Refs. [17, 18].

‘In all what follows, we limit ourselves to circular spacetimes. ‘

2.2.2 Quasi-isotropic coordinates

In a stationary and axisymmetric spacetime (.#,g) that is circular, we may use adapted coor-
dinates (z%) = (t,r,60,¢) such that (r,6) span the 2-surfaces My, which are orthogonal to the
surfaces of transitivity .79, leading to the vanishing of the metric components listed in (2.18).
Moreover, we can always choose the coordinates (7, ) in each 2-surface My, such that the metric
induced by g takes the form*

Gap dzda® = A% (dr® + r2d6?), (2.27)

where A = A(r,0). Indeed, dr? + r2d6? is the line element of the 2-dimensional flat metric in
polar coordinates and, in dimension 2, all the metrics are conformally related, meaning that
they differ only by a scalar factor A% as in (2.27).

Remark : This is no longer true in dimension 3 or higher: in general one cannot write the metric line
element as a conformal factor times the flat one by a mere choice of coordinates.

Note that the choice of coordinates (r, ) leading to (2.27) is equivalent to the two conditions:
grg =0 and 900 = T2 Grr. (2.28)

The coordinates (t,r,0, ) with the above choice for (r,0) are called quasi-isotropic coordi-
nates (QI). The related cylindrical coordinates (t,p,z,¢), with p := rsinf and z := rcos¥,

“Indices a and b take their values in {1,2}.
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are called Lewis-Papapetrou coordinates, from the work of Lewis (1932) 72| and Papapetrou
(1966) [35].

Let us define the scalar function w = w(r, ) as minus the scalar product of the two Killing
vectors 5 and ¥, normalized by the scalar square of x:

ey
=l

wi= —=2 | (2.29)

—

X - X

As we will see below, the minus sign ensures that for a rotating star, w > 0 (cf. Fig. 3.3). Since
gtp =& - X and gy, = X - X, We may write

Gt = —WYpe- (2.30)
Besides, let us introduce the following function of (r,0):
9
B? = = 2.31
72 sin? 0 (2.31)

Collecting relations (2.18), (2.27), (2.30) and (2.31), we may write the components of the metric
tensor in the form

Gap dz* dzP = —N2dt? + A%(dr® + r2d6?) + B%r?sin? 0(dyp — wdt)? |, (2.32)

where N, A, B and w are four functions of (r,0):

N =N, |w=w(r0)] (2.33)
Equivalently, in matrix form:
—N?% 4+ B2w%r2sin%0 0 0 —wB?r?sin? 6
0 A2 0 0
Gop = 0 0 A%? 0 (2.34)
—wB?r?sin%6 0 0 B2r2sin%6
The inverse of this matrix is
-N"2 0 0 —w/N?
0 A2 0 0
af
g - 0 O A727472 0 (235)
~w/N? 0 0 (Brsinf)=2 — w?/N?

To prove it, it suffices to check that relation (1.20) holds.
The local flatness of spacetime implies that the metric functions A and B must coincide on
the rotation axis:

Aly = Bl,. (2.36)

Indeed, let us consider a small circle around the rotation axis at a fixed value of both ¢ and 0,
with @ < 1, and centered on the point of coordinates (z) = (¢,7,0,0) (cf. Fig. 2.6). According
to the line element (2.32), the metric length of its radius is R ~ A(r,0) rf, whereas its metric
circumference is C' ~ B(r/cos6,0)rsinf x 2r ~ 2w B(r,0)rf. The local flatness hypothesis
implies that C' = 27 R. Would this relation not hold, a conical singularity would be present on
the rotation axis. From the above values of C' and R, we get A(r,0) = B(r,0), i.e. the property
(2.36) for the half part of A corresponding to # = 0. The demonstration for the second part
(0 = 7) is similar.
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X
Figure 2.6: Radius R and circumference C' of a small circle around the rotation axis (6 < 1).

2.2.3 Link with the 3+1 formalism

In terms of the 3+1 formalism introduced in § 1.3, the comparison of (2.32) with (1.55) leads
immediately to (i) the identification of N as the lapse function, (ii) the following components of
the shift vector:

B = (0,0, —w)|, (2.37)

and (iii) the following expression of the induced metric in the hypersurfaces ¥, :

Yij dr'ded = A*(dr? + r2d6?) + B*r?sin? 0 dp? | (2.38)
Therefore
vi; = diag (A%, A*?, B?r?sin?0) (2.39)
and
7" = ding (% A21r2’ 327"21511129) ' (240)

Remark : Comparing with (2.34)-(2.35), note that g;; = v;; but g/ # 4.

Moreover, since in the present case 8_;5 = é’ and 5 = —w5¢ = —wy, relation (1.51) becomes

£=Nii—wx| (2.41)

In particular, if w = 0, then é’ is colinear to 7 and hence orthogonal to the hypersurfaces ;.
According to the definition given in § 2.1.1, this means that for w = 0, the spacetime is static.
The reverse is true, assuming that in case of staticity, the axisymmetric action takes place in the
surfaces orthogonal to é We may then state

‘w =0 < (A,g) static ‘ (2.42)
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Let us evaluate the extrinsic curvature tensor K of the hypersurfaces 3; (cf. § 1.3.4). Since
9vij/0t = 0 and B = 0 except for ¥ = —w, Eq. (1.57) leads to

K 1 0vij Ow - Ow
9=\ ¥, e e )
~—~—
0

Since (7;;) is diagonal [Eq. (2.39)] and 0w/0¢ = 0, we conclude that all the components of K
vanish, except for

B?r?sin? 6 ow
KT(,O — Ktpr — —72]\7 E 5 (243)

B?r?sin? 0 0w
Ky, = = | 2.44
o 2N 99 (2.44)

In particular, the trace of K defined by (1.58) vanishes identically:
ii 1 1

K :=~YK;; = K +——= Kpg + (2.45)

A2 \0,/ A2r2 \0,-9/ B2r2sin® 6 @ =0
0
This is equivalent to the vanishing of the divergence of the unit normal 7 to ¥; [cf. Eq. (1.58)].
Y is then of mazimal volume with respect to nearby hypersurfaces (see e.g. § 9.2.2 of Ref. [16] for
more details). This is fully analogous to the concept of minimal surfaces in a 3-dimensional Eu-
clidean space (the change from minimal to mazimal being due to the change of metric signature).
For this reason, the foliation (¥X;) with K = 0 is called a maximal slicing.
The quadratic term K;; K “ which appears in the Hamiltonian constraint (1.60) is

KiK' = K. oK™+ K, K + Kp, K% + K gK?° = 2K, ,K"? + 2Ky, K%
2T () + 2 (K )
where to get the last line we used the fact that 4% is diagonal. We thus get

B2r?sin? 6

Kin” = 2AZ N2

dwdw, (2.46)

with the following short-hand notation for any scalar fields v and v :

ou Ov 1 Ou Ov

(2.47)
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3.1 General framework

We focus at present on the case of a single rotating star in equilibrium. The corresponding
spacetime (. ,g) is then stationary and asymptotically flat. In addition, it is reasonable to
assume that the spacetime is axisymmetric. This has been shown to be necessary for viscous
and heat-conducting fluids by Lindblom (1976) [78]. For perfect fluids, the general argument is
that a rotating non-axisymmetric body will emit gravitational radiation, and therefore cannot
be stationary. In this respect the situation is different from the Newtonian one, where stationary
non-axisymmetric rotating configurations do exist, the best known example being that of the
Jacobi ellipsoids.

In addition of being axisymmetric, we will assume that the spacetime is circular (cf. § 2.2.1),
since this is relevant for a perfect fluid rotating about the axis of symmetry [cf. Eq. (2.25)].
We may then use the QI coordinates (z) = (t,7,6, ) introduced in § 2.2.2. Consequently, the
metric tensor is fully specified by the four functions N, A, B and w listed in (2.33). In this
chapter we derive the partial differential equations that these functions have to fulfill in order
for the metric to obey the Einstein equation (1.24), as well as the equations of equilibrium for a
perfect fluid. We shall also discuss the numerical method of resolution.
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3.2 Einstein equations in QI coordinates

3.2.1 Derivation

We shall derive the equations within the framework of the 341 formalism presented in § 1.3.
Let us first consider the trace of the 341 Einstein equation (1.59) in which we make use of the
Hamiltonian constraint (1.60) to replace 3R + K2 by 167E + K;; K%, to get

9n 5% p.pi R
5 B o D;D'N + N [4n(E + S) + K;; K" ] . (3.1)

In the present context, K = 0 and K;; K% is given by Eq. (2.46). The Laplacian of N can be
evaluated via the standard formula:

D;D'N = 1 3
VY ox

where /¥ is the square root of the determinant of the components 7;; of the metric 4. From
expression (2.39), we get

<ﬁ,yz‘j%> , (3.2)

V7 = A%Br?sin . (3.3)
Taking into account expression (2.40) for v/, we conclude that (3.1) is equivalent to

92N 20N 1 92N 1 ON

pon 1o 1 ov B0
or2  ror  r200%2  rZ2tanf 00

_ 2
=47 A°N(E+S) + SN

Owdw — 01In BON. (3.4)

Let us now consider the Hamiltonian constraint (1.60). On the right-hand side, we have

K? =0 and K;; K" given by Eq. (2.46). There remains to compute the Ricci scalar 3R. This
can be done by means of formulas (1.66)-(1.67). One gets

2 |1

3 fr— _ R

ro= A? { A

P2A 10A 1<6A>2 1024 1 <8A>2
or

o 2o ~2al\ae

o "ror A

+1 3zB+3aB+ 182B+ 2 OB (3.5)
B\or2 ror 12002 r2tanf 04 ' '
The Hamiltonian constraint (1.60) thus becomes
11824 104 1 (9A\? 1824 1 [0A\%| B2?sin?6
— === - | = —  Owlw
Alor2 ror A\Or r2 002 r2A \ 00 4N2
1 /0°B 30B 10°B 2 OB
(L2298 202 2 O5) g A%F. .
B <3r2 T or T T 89) o (3:6)

Moving to the momentum constraint (1.61), we first notice that D; K = 0. We may use the
standard formula to evaluate the divergence of a symmetric tensor (such as K):

(WK]Q) L%k g (3.7)

: 1 0
DK, :
J 2 Ozt

= Fow
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In the present case, the last term always vanishes since K7* is non-zero only for non-diagonal

terms (jk=rp, ¢r, Op or ¢f) and v, is diagonal [Eq. (2.39)]. Since in addition 0/0¢ = 0, we
are left with Lo 5

DK’ = —= | = (VAK")) + 55 (VK" | 3.8

J 7 \/,7 or (ﬁ Z) + o0 ﬁ 7 ( )

Now, K", = K% =0 and K"y = K% = 0. We thus conclude that the first two components of
the momentum constraint (1.61) reduce to

pr =10 and pg = 0. (3.9)

For the third component, we use Eq. (3.8) for i = ¢, taking into account that K", = erqu, =
V" Krp = A72K,, and K‘L)@ = K;, =" Kp, = A~?r 2Ky, with the values (2.43)-(2.44) for
K;, and Ky,. We thus obtain

sinf 0 1 B3 0w 1 0 B3 dw N A? Py
- [—r3 g (r ~ 87“> + 2000 <51n 9——)] = —167 —y (3.10)

Finally, let us consider the ¢p component of the 3+1 Einstein equation (1.59). We have
K, = 0 and, according to Eq. (1.65),

a o3k a3k

L5Kp, = ﬁk Koy +Kpp —— 5 + K —— B =0.
v 8 6@
0 0 0

Thus the left-hand side of the ¢ component of Eq. (1.59) vanishes identically. On the right-hand
side, we have D;N = ON /dx7,

Jd ON ON ON ON
D,D,N = — — 3pk — —_3pr — 319
L Op Op P Ok e or ¢ 00
0
9 032 1aB+1 3N+1 16B+ 1\ ON
= sl = |([==—=—+ 2|0+ (== —_—
A2 \\Bor r) Oor 1r2\B0O0 tanf) 00 |’
9*B 30B 1 0°B 2 0B
3 2
= - 9— ——t ==+ .
oo rsin A? (67‘2 +T87“ o 00? T tang 69)
and
1 1 B*rtsint @
k r 0
K(pkK © = KQOT’K ) + KL,O@K © = E(chr)Q + AZ—TZ(K‘PG)Q = W 3w8w

In addition, the matter term is
(S = E)vpp — 2Spp = (57, + 8% + 8%, — E)ypp — 27,,5%, = r?sin® 0 B*(S", + 8% — $¥, - E).

Accordingly, after division by r2sin? @ N B2/A?, the oy component of the 3+ 1 Einstein equation
(1.59) writes

1 82B+383+ 162B+ 2 0B
or2 " ror  r2002 " r2tanf 00

B2r?sin% 6
> —3B8N T@w@w
1 [ON 1 ON

= -z — 2 T 0 _ qp
+- <8r+rtan036> 4m A2 (87, + 8% - §%, ~ B). (3.11)
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At this stage, we have four equations, (3.4), (3.6) (3.10) and (3.11), for the four unknowns
N, A, B and w. We construct linear combinations of these equations in which classical elliptic
operators appear. First, multiplying Eq. (3.4) by B, Eq. (3.11) by N B and adding the two yields

d? 30 1 92 2 0
I NB)+ 2 NB) + =L (NB) 4+ — &
87“2( )+r(9r( )+T2892( )+r2tan989
Second, dividing Eq. (3.4) by N, adding Eq. (3.6) and subtracting Eq. (3.11) yields
LN LN, 1N 14 104 1 P4
N or2  rN Or 12N 002  Aor2 rAor r2A 002

1 32 2 12
= 8TA’S%, + 5 0A0A + % Bwdw. (3.13)

Reorganizing slightly Egs. (3.4), (3.10), (3.12) and (3.13), we obtain the final system:

(NB) =8tNA?B(S", +5%).  (3.12)

2,2 2
Asv = 4w A%(E + S) + BZTSI;Q Owdw — Ovd(v + In B) (3.14)
< . NA% p, .
As(wrsinf) = —16m 52 7 sind + rsinf Owd(v — 31n B) (3.15)
Ay [(NB —1)rsinf] = 8tNA?Brsin0(S”, + S%) (3.16)

B2 2 o2
317;21“9 dwdw — dvdv |, (3.17)

where the following abbreviations have been introduced:

As(In A+ v) =87A%SY, +

v:=InN (3.18)
2 2
2 2

Bot= G4 24 St o (3:20)

Terms of the form dvdv have been defined by (2.47).

The operator As is nothing but the Laplacian in a 2-dimensional flat space spanned by the
polar coordinates (r,6), whereas Aj is the Laplacian in a 3-dimensional flat space, taking into
account the axisymmetry (9/0¢ = 0). A deeper understanding of why these operators naturally
occur in the problem is provided by the (241)+1 formalism developed in Ref. [17].

3.2.2 Boundary conditions

Equations (3.14)-(3.17) forms a system of elliptic partial differential equations. It must be sup-
plemented by a set of boundary conditions. Those are provided by the asymptotic flatness as-
sumption: for r — 400, the metric tensor tends towards Minkowski metric 17, whose components
in spherical coordinates are

Nap dz® da? = —dt® + dr® + r2d6? + r? sin® 0 dp?. 3.22
B
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Comparing with (2.32), we get immediately the boundary conditions:

N — 1
A — 1
B . 1 when r — +o0. (3.23)
w — 0

Remark : Spatial infinity is the only place where exact boundary conditions can be set, because the
right-hand sides of Egs. (3.14)-(3.17) have non-compact support, except for (3.16). This contrasts
with the Newtonian case, where the basic equation is Poisson equation for the gravitational poten-
tial @ [Eq. (3.43) below]:

As® = 47Gp. (3.24)

For a star, the right-hand side, involving the mass density p, has clearly compact support. The
general solution outside the star is then known in advance: it is the (axisymmetric) harmonic
function

> Py(cosb
ﬂn@:§:w—%gl, (3.25)
(=0

where Py is the Legendre polynomial of degree ¢. In this case, one can set the boundary conditions
for a finite value of r and perform some matching of ® and 9P /9r to determine the coefficients .

From the properties of the operators Az and Az and the boundary conditions (3.23), one can
infer the following asymptotic behavior of the functions N and w:

K 1
N:1+—2+0<7>, (3.26)
r r
Ky 1
where Ky and K7 are two constants. In Chap. 4, we will show that
Ky=-M and K =2J, (3.28)

M and J being respectively the mass of the star and its angular momentum |[cf. Eqgs. (4.16) and
(4.41)].

3.2.3 Case of a perfect fluid

Since we are interested in rotating stars, let us write the matter source terms in the system
(3.14)-(3.17) for the case of a perfect fluid [cf. Eq. (1.37)]. Due to the circularity hypothesis,
the fluid 4-velocity is necessarily of the form (2.25): @ = u!(€ + Qx). We may use Eq. (2.41) to
express é’ in terms of the unit timelike vector 72 (the 4-velocity of the ZAMO) and wy. We thus
get

ﬁ:wwﬂﬁ+%m—wwy (3.29)

Now, according to Eq. (1.54), 1 - X = n,x* = n, = 0. Therefore, Eq. (3.29) constitutes an
orthogonal decomposition of the fluid 4-velocity with respect to the ZAMO 4-velocity 7i:

ﬁ:r(ﬁ+ﬁ), (3.30)
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with

- 1
I = Nu' and U=—-(Q—-w)Xx| (3.31)

I" is the Lorentz factor of the fluid with respect to the ZAMO and the vector U is the fluid
velocity (3-velocity) with respect to the ZAMO (see e.g. Ref. [15] for details). U is a spacelike
vector, tangent to the hypersurfaces 3;. Let us define

B
U:= N(Q —w)rsinf | (3.32)
Since X - ¥ = B%r?sin? 6, we have
U.-U=U~ (3.33)

From 7t -7 = —1 and 7 - U = 0, Eq. (3.30) yields the geometric interpretation of the Lorentz
factor as (minus) the scalar product of the ZAMO 4-velocity with the fluid one:

f=—a (330

The normalization condition % @ = —1 expressed in terms of (3.30) leads to the standard relation

—~1/2

r=(1-0% (3.35)

The quantities E, py,, S”,., See and S¥, which appear in the right-hand of Egs. (3.14)-(3.17)
are computed by means of Eqs. (1.47)-(1.49), using the form (1.37) of the energy momentum
tensor. We get, using (3.30),

E= Tﬂununy = (8 + p) U,MTL“ u,n” +p guvnuny = FQ(E + p) - D
—— = ——

- -I -1
Po = —Tun’y*, = (e + p) upy*, un” +p gun’+*, = I*(e + p)U,,
H,_/\( ———
v, - 0

S% = Tuw"*v"5 = (e + ) Wy w5 +p G175 = T (e + p)UUs + 7.
S~ —— ——
INOAS FUB ’Yal,’\/yﬁ

Now, from Eq. (3.31), U~ = (0,0,0,U%), and from Eq. (3.33), U,U¥ = U? and U, = Brsinf U.

Besides 7", = 790 = ~%, = 1. Accordingly, the above results can be expressed as

E=T%*e+p) —p| (3.36)
pp = B(E 4+ p)Ursing|, (3.37)
S.=pl |%=p| [S% =p+(E+pU?, |S=3p+(E+pU?| (3.38)

From the above expressions, the term F + S in the right-hand side of Eq. (3.14) can be written

14 U?

E+S=1"1m

(e+p)+ 2p. (3.39)
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3.2.4 Newtonian limit

In the non-relativistic limit, v tends to the Newtonian gravitational potential ® (divided by ¢?):

P
v~ — (3.40)

2
€” | Newt.

Moreover, Eq. (3.32) reduces to
a1

and U? < 1, p < € and € ~ pc?, where p is the mass density. Accordingly, (3.39) gives
E+ 8 ~ pc’. (3.42)

Since in addition A ~ 1 and all the quadratic terms involving gradient of the metric potentials
tend to zero, the first equation of the Einstein system (3.14)-(3.17) reduces to (after restoring

the G and ¢’s)
Ag® = AnGpl (3.43)

The other three equations become trivial, of the type “0 = 0”. We conclude that, at the non-
relativistic limit, the Einstein equations (3.14)-(3.17) reduce to the Poisson equation (3.43), which
is the basic equation for Newtonian gravity.

3.2.5 Historical note

The Einstein equations for stationary axisymmetric bodies were written quite early. In 1917,
Weyl [105] treated the special case of static bodies, i.e. with orthogonal Killing vectors 5 and x ,
or equivalently with w = 0 [cf. Eq. (2.42)]. The effect of rotation was first taken into account by
Lense and Thirring in 1918 [71], who derived the first order correction induced by rotation in the
metric outside a spherical body. The first full formulation of the problem of axisymmetric rotating
matter was obtained by Lanczos in 1924 [69] and van Stockum in 1937 [97]. They wrote the
Einstein equations in Lewis-Papapetrou coordinates (cf. § 2.2.2) and obtained an exact solution
describing dust (i.e. pressureless fluid) rotating rigidly about some axis. However this solution
does not correspond to a star since the dust fills the entire spacetime, with an increasing density
away from the rotation axis. In particular the solution is not asymptotically flat. Rotating stars
have been first considered by Hartle and Sharp (1967) [60], who formulated a variational principle
for rotating fluid bodies in general relativity. Hartle (1967) [57] and Sedrakian & Chubaryan
(1968) [90] wrote Einstein equations for a slowly rotating star, in coordinates different from the
QI ones!. For rapidly rotating stars, a system of elliptic equations similar to (3.14)-(3.17) was
presented (in integral form) by Bonazzola & Machio (1971) [23]|. It differs from (3.14)-(3.17)
by the use of In gy instead of In N = v. Bardeen & Wagoner (1971) [14] presented a system
composed of three elliptic equations equivalent to Eqgs. (3.14), (3.15) and (3.16), supplemented
by a first order equation of the form

0
%(IHA +v)=38(r0), (3.44)

where S(r, ) is a complicated expression containing first and second derivatives of v, A, B and
w and no matter term [see Eq. (4d) of Ref. [30] (9 lines !) or Eq. (I1.16) of [14]]. Equation (3.44)

!'Namely coordinates for which ggg = goe/sin” 0 instead of (2.28).
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results from the properties R, = Rgg/ r? and R,g9 = 0 of the Ricci tensor. Note that these are
verified only for an isotropic energy-momentum tensor, such as the perfect fluid one [Eq. (1.37)].
For anisotropic ones (like that of an electromagnetic field), Eq. (3.44) should be modified so as to
include the anisotropic part of the energy-momentum tensor on its right-hand side. The full sys-
tem of the four elliptic equations (3.14)-(3.17) has been first written by Bonazzola, Gourgoulhon,
Salgado & Marck (1993)? [22].

3.3 Spherical symmetry limit

3.3.1 Taking the limit

In spherical symmetry, the metric components g, simplify significantly. Indeed, we have seen
that A and B must be equal on the rotation axis [Eq. (2.36)]. But, if the star is spherically
symmetric, there is no privileged axis. Therefore, we can extend (2.36) to all space:

spher. sym. (3-45)

Besides, to comply with spherical symmetry, the parameter €2 in the decomposition (2.25) of the
fluid 4-velocity must vanish. Otherwise, there would exist a privileged direction around which
the fluid is rotating. Hence we have

spher. sym. (3-46)

and @ is colinear to the Killing vector €. From Egs. (3.37) and (3.32) with © = 0, we have
P, x w. Equation (3.15) is then a linear equation in w. It admits a unique solution which is

well-behaved in all space:
spher. sym. (3'47)

According to (2.42), this implies that the spacetime is static.
Properties (3.46) and (3.47), once inserted in Eq. (3.32) leads to the vanishing of the fluid
velocity with respect to the ZAMO:

U=0 spher. sym. (3.48)
Thanks to (3.45) and (3.47), the spacetime metric (2.32) becomes
Gop dz® dz® = —N(r)2dt* + A(r)*(dr? + r2df? 4 r? sin® 0 d?) . (3.49)
spher. sym.

The coordinates (t, 7,6, ) are in this case truly isotropic, the spatial metric being conformal to
a flat one. This justify the name quasi-isotropic given to these coordinates in the general case.

Since U = 0 implies I' = 1, the Einstein equations (3.14)-(3.17) with a perfect fluid source
and spherical symmetry reduce to

d*v  2d dv d
2 4 +3p) - L (v + I A) (3.50)
dr rdr dr dr spher. sym.

2In the original article [22], the functions A = (AB)** and B = (B/A)'/? were employed instead of A and B.
The equations with the present values of A and B are given in Ref. [19].
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d? 3d
——(NA) + =—(NA) = 16t N A%p (3.51)
dr? d
r rar spher. sym.
d—2(1 A4 )+ 1 LA 40) = gnazp— (¥ 2 (3.52)
a2 " et vi=ona P dr ’
spher. sym.

We have omitted Eq. (3.15) since, as seen above, it is trivially satisfied in spherical symmetry.
Besides, we have used the equivalent form (3.12) of Eq. (3.16).

3.3.2 Link with the Tolman-Oppenheimer-Volkoff system

The reader familiar with static models of neutron stars might have been surprised that the spheri-
cal limit of the Einstein equations (3.14)-(3.17) does not give the familiar Tolman-Oppenheimer-
Volkoff system (TOV). Indeed, the TOV system is (see e.g. [55, 58]):

d

d—:': = 4nie (3.53)
dv om(F)\ [ m(7) )

—=(1- 4 54
e < = ) < =2 + 47wTp (3.54)
dp dv

o= (et (3.55)

which is pretty different from the system (3.50)-(3.52). In particular, the latter is second order,
whereas (3.53)-(3.55) is clearly first order. However, the reason of the discrepancy is already
apparent in the notations used in (3.53)-(3.55) : the radial coordinate is not the same in the
two system: in (3.50)-(3.52), it the isotropic coordinate r, whereas in the TOV system, it is the
areal radius r. With this radial coordinate, the metric components have the form

2m_(7’)

-1
Gop AT d7° = —N(7)2dt? + <1 — > di? + 72df* + 7% sin® 0 dp?. (3.56)
This form is different from the isotropic one, given by (3.49). Note however that the coordinates
% = (t,7,0,p) differ from the isotropic coordinates 2 = (t,, 6, ¢) only in the choice of r. From
(3.56), it is clear that the area of a 2-sphere defined by ¢ = const and 7 = const is given by

A = 4ri?) (3.57)

hence the qualifier areal given to the coordinate 7. On the contrary, we see from (3.49) that the
area of a 2-sphere defined by ¢ = const and r = const is

A = 4w A(r)*r?, (3.58)

so that there is no simple relation between the area and 7.

Outside the star, the solution is the Schwarzschild metric (see § 3.3.3) and the coordinates
(%) are simply the standard Schwarzschild coordinates. In particular, outside the star m(7) =
M = const, where M is the gravitational mass of the star and N(7)? = (1 — 2M/7), so that
we recognize in (3.56) the standard expression of Schwarzschild solution. The expression of this
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solution in terms of the isotropic coordinates (z%) used here is derived in § 3.3.3. The relation
between the two radial coordinates is given by

M\?2
F=r <1 + 2—) (outside the star). (3.59)
T

Far from the star, in the weak field region (M /r < 1), we have of course 7 ~ r.
There exist two coordinate systems that extend the TOV areal coordinates to the rotating
case:

e the coordinates employed by Hartle & Thorne [57, 61] and Sedrakyan & Chubaryan [90] to
compute stellar models in the slow rotation approximation (metric expanded to the order

2?);
e the so-called radial gauge introduced by Bardeen & Piran [13]; however the entire hypersur-
face X; cannot be covered in a regular way by these coordinates, as shown in Appendix A
of Ref. [22].
3.3.3 Solution outside the star

Outside the star, e = 0 and p = 0. Equation (3.51) reduces then to

d? 3d 1d d
—(NA)+=—(NA) = =— [r*—(NA)| =0
d7°2( )+7"d7°( ) 3 dr [T dr( )} ’
from which we deduce immediately that
d 2a :
%(NA) =5 with a = const.

The factor 2 is chosen for later convenience. The above equation is easily integrated, taken into
account the boundary conditions (3.23):

NA=1- % (3.60)

Besides, subtracting Eq. (3.50) from Eq. (3.52), both with ¢ = 0 and p = 0, we get the following
equation outside the star:

d? 1d ldv dv d
— mA+-—hnA—-——=——1InA. 3.61
dr2n +7“drn rdr drdrn ( )

Now Eq. (3.60) gives, since v =In N,

dv d 2a
- = ——111A—|— m

Inserting this relation into Eq. (3.61), we get

d*A n 2(r? — 2a) dA 2a
dr? r(r2—a) dr  r%2(r? —a)

A=0. (3.62)
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The reader can check easily that the unique solution of this linear ordinary differential equation
which satisfies to the boundary condition (3.23) requires a > 0 and is

2
A= (1 + \/75> . (3.63)
Relation (3.60) yields then

v () (1) st

r

The constant /a is actually half the gravitational mass of the star. Indeed the asymptotic
expansion for r — oo of the above expression is

Mo (1o (1) =1 - 22

r r r
Comparing with Eqs. (3.26) and (3.28), we get

Ja-M (3.65)

5

Replacing a, A and N by the above values in (3.49), we obtain the following form of the metric
outside the star:

2
1-4 M\*
Jap da® dzP = — (ﬁ) dt* + <1 + 2_7“> [dr? + 7%(d6? + sin® 0 dp?)] . (3.66)
2r

We recognize the Schwarzschild metric expressed in isotropic coordinates. Actually, we have
recovered the Birkhoff theorem?®: With spherical symmetry, the only solution of Einstein
equation outside the central body is the Schwarzschild solution.

Remark : There is no equivalent of the Birkhoff theorem for axisymmetric rotating bodies: for black
holes, the generalization of the Schwarzschild metric beyond spherical symmetry is the Kerr metric,
and the generic metric outside a rotating star is not the Kerr metric. Moreover, no fluid star has
been found to be a source for the Kerr metric (see e.g. [80]). The only matter source for the Kerr
metric found so far is made of two counterrotating thin disks of collisionless particles [17]. It has
also been shown that uniformly rotating fluid bodies are finitely separated from Kerr solutions,
except extreme Kerr [81]; this means that one cannot have a quasiequilibrium transition from a
star to a black hole.

3.4 Fluid motion

Having discussed the gravitational field equations (Einstein equation), let us now turn to the
equation governing the equilibrium of the fluid, i.e. Eq. (1.36).

3More precisely, we have established Birkhoff theorem under the hypothesis of stationarity; however this
hypothesis is not necessary.
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3.4.1 Equation of motion at zero temperature

We consider a perfect fluid at zero temperature, which is a very good approximation for a
neutron star, except immediately after its birth. The case of finite temperature has been treated
by Goussard, Haensel & Zdunik (1997) [51]. The energy-momentum tensor has the form (1.37)
and, thanks to the zero temperature hypothesis, the equation of state (EOS) can be written as

= e(mp) (3.67)
p = p(mw), (3.68)

where ny, is the baryon number density in the fluid frame.
The equations of motion are the energy-momentum conservation law (1.36) :

VT =0 (3.69)
and the baryon number conservation law:
Vu(nput) = 0. (3.70)

Inserting the perfect fluid form (1.37) into Eq. (3.69), expanding and projecting orthogonally to
the fluid 4-velocity u [via the projector L given by (1.30)], we get the relativistic Euler equation:

(e + p)ut'V uq + (0", + uf'ua)Vp = 0. (3.71)
Now the Gibbs-Duhem relation at zero temperature states that
dp = ny, dp, (3.72)

where p is the baryon chemical potential, p := de/dny. Moreover, thanks to the first law of
Thermodynamics at zero temperature (see e.g. Ref. [15] for details), p is equal to the enthalpy
per baryon h defined by

o= 1P| (3.73)
n
Thus we may rewrite (3.72) as dp = ny, dh, hence
Vap = npVah.
Accordingly, Eq. (3.71) becomes, after division by ny,,
hu"'V yuq + (6", + ufuq)V,h = 0,

which can be written in the compact form

u'V(hua) + Vah = 0| (3.74)
Thanks to the properties u#u, = —1 and u#V,u, = 0 (the latter being a consequence of the

former), Eq. (3.74) can be rewritten in the equivalent form

u [V, (hug) — Va(huy,)) =0} (3.75)
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This makes appear the antisymmetric bilinear form Q,p := V(hug) — Va(hug), called the
vorticity 2-form. The fluid equation of motion (3.75) has been popularized by Lichnerowicz
[75, 76] and Carter [34], when treating relativistic hydrodynamics by means of Cartan’s exterior
calculus (see e.g. Ref. [15] for an introduction).

Equation (3.74) [or (3.75)] is more useful than the original Euler equation (3.71). It leads
easily to the relativistic generalization of the classical Bernoulli theorem (§ 3.4.2) and to a first
integral of motion for a rotating star (§ 3.4.3).

3.4.2 Bernoulli theorem

Equation (3.74) is an identity between 1-forms. Applying these 1-forms to the stationarity Killing
vector & (i.e. contracting (3.74) with £%), we get successively

eV, (hy,) + €V ,h = 0,
0
utV  (hu, &) — hu,ut'V 8" =0,
utV (hu, &) — hutu”V & =0,
0
'V, (hu, &) = 0.

Note that £V, h = 0 stems from the stationarity of the fluid flow and v u"V,§, = 0 from
Killing equation (2.4). We thus have

—

Va(hi-€) =0| (3.76)

In other words, the scalar quantity hu - E is constant along any given fluid line. This results
constitutes a relativistic generalization of the classical Bernoulli theorem. To show it, let us first
recast Eq. (3.76) in an alternative form. Combining Eq. (3.30) with Eq. (2.41), we get (using
n-ii=—1,7-x=0and @-U =0)

hii- € = hD(7i + U) - (N7 — wx) = —h['N (1 + %;z U') . (3.77)

Accordingly, by taking the logarithm of —h - é’, we obtain that property (3.76) is equivalent to

H+v+InT'+1n (1 + %)2 Ij) = const along a fluid line |, (3.78)

where we have introduced the log-enthalpy

H:=1In <i> : (3.79)

my

my, being the mean baryon mass : my, ~ 1.66 x 10727 kg. Defining the fluid internal energy
density by
€int 1= € — MpNp (3.80)
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we have [cf. (3.73)]
H=In (1 + M) .

mpny

(3.81)

At the Newtonian limit,
€int + p
mpny

<1,

and mpny, =~ p (the mass density), so that H tends towards the (non-relativistic) specific enthalpy:

€int + p
p

H ~ (3.82)

Newt.

Besides, thanks to (3.35) and U? < 1, we have InT' ~ U?/2. Moreover we have already seen
that v tends towards the Newtonian gravitational potential ® [Eq. (3.40)]. In addition, at the
Newtonian limit, w = 0. Consequently, the Newtonian limit of (3.78) is

U2
H + ® + — = const along a fluid line , (3.83)
2 Newt.

which is nothing but the classical Bernoulli theorem.

The general relativistic Bernoulli theorem (3.76) has been first derived by Lichnerowicz in
1940 [73, 74]. The special relativistic version had been obtained previously by Synge in 1937
[99].

—

Remark : That a symmetry (here stationarity, via the Killing vector &) gives rise to a conserved quantity
[Eq. (3.78)] is of course a manifestation of the Noether theorem. We will encounter another one in
§ 4.6.1.

To establish (3.76) we have used nothing but the fact that the flow obeys the symmetry and

—

£ is a Killing vector. For a flow that is axisymmetric, we thus have the analogous property

| Va(hii-xX)=0] (3.84)

The quantity hi - X is thus conserved along the fluid lines. Thanks to (3.30) and 7i - ¥ = 0, we
may write it as

hé-x = hI'x - U = hT BX?sin? 0 U¥. (3.85)

At the Newtonian limit, h — 1, I’ — 1, B — 1 and U¥ ~ ¢, so that the conserved quantity
along each fluid line is the specific angular momentum about the rotation axis, 2 sin? @ .

Remark : It is well known that, along a timelike geodesic, the conserved quantities associated with the
Killing vectors € and x are @ - € and @ - X [32, 104]. Here we have instead hii - € and hii - X, for
the fluid lines are not geodesics, except when p = 0. In the latter case, h reduces to a constant
(typically my, cf. Eq. (3.73) and Eq. (3.80) with &i,, = 0) and we recover the classical result.
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3.4.3 First integral of motion

In the derivation of the Bernoulli theorem, we have assumed a general stationary fluid. Let us
now focus to the case of a rotating star, namely of a circular fluid motion around the rotation
axis?. The fluid 4-velocity takes then the form (2.25):

i =u'k| (3.86)

with

k:=£&+ Qx| (3.87)

—

Note that if €2 is a constant, kis a Killing vector: it trivially satisfies Killing equation since &
and x both do. u is then colinear to a Killing vector and one says that the star is undergoing
rigid rotation. If () is not constant, the star is said to be in differential rotation.

To derive the first integral of motion, it is convenient to start from the fluid equation of
motion in the Carter-Lichnerowicz form (3.75). Thanks to the symmetry of the Christoffel
symbols (1.19) with respect to their last two indices, we may replace the covariant derivatives
by partial ones in Eq. (3.75):

ut [%(huo‘) - %(huu)] = 0. (3.88)

Assuming a circular motion, i.e. @ of the form (3.86), we have u* = (u',0,0,u!Q), so that

u“i(hua) = [%(hua) + Q%(hua)] =0.

Hence Eq. (3.88) reduces to (after division by u')

0 0

or equivalently
0N

Noticing that u; = d - gand u, = U - X, we may rewrite the above result as

V(hii- k) — hit - x VQ = 0. (3.89)
Dividing by hu - k, we get
Vin(—hii k) — —XvQ=0]| (3.90)
u-k

Remark : The minus sign in the logarithm is justified by the fact, that since w and k are both future
directed timelike vectors, 4 - k < 0.

*For more general motions see § VL.E of [50].
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The integrability condition of Eq. (3.90) is either (i) £2 = const (rigid rotation) or (ii) the factor
in front of V) is a function of €2: o
- LX _ po). (3.91)
u-k
We shall discuss these two cases below. But before proceeding, let us give an equivalent form of
Eq. (3.90), based on the specific angular momentum

p= X e (3.92)
u-€ ut

This quantity is (minus) the quotient of the two Bernoulli quantities discussed in § 3.4.2. It is
thus conserved along any fluid line in a stationary and axisymmetric spacetime, irrespective of
the fluid motion. Its name stems from the fact that ¢ is the “angular momentum” (per unit mass)
hii - X divided by the “energy” (per unit mass) —hai - €. By combining (3.77) with (3.85) and
U¥ = (2 —w)/N |Eq. (3.31)], we get

B2(Q — w)r?sin® 0

= . 3.93
N2 + B2w(Q — w)r?sin? g (3.93)
At the Newtonian limit, B =1, N — 1, w — 0 and £ ~ Qr?sin? 6.
Since 4 - k = u (1 — ), we may rewrite the equation of motion (3.90) as
14
V In[—hu (1 — QO)] + Y] vQ=0. (3.94)

Besides, we have u,ut = wu® + u,u? = u'(uy + Quy) = uluy (1 — QF), so that the normalization
u,ut = —1 leads to

1
u (1 — Q) = —
Therefore, Eq. (3.94) can be recast as
h 14
VIH<E>+1_Q€VQ—O. (3.95)

This is a variant of the equation of motion (3.90).

Rigid rotation
If Q = const, then VQ = 0 and Eq. (3.90) leads immediately to the first integral of motion

In(—hii - k) = const. (3.96)
Thanks to (3.86) and (3.31), we have

-1

- N
i-k=(u) ﬁ-ﬁ:—F, (3.97)
I/N -1

so that the first integral (3.96) becomes

‘H +v—InT" = const|. (3.98)
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This first integral of motion has been obtained first in 1965 by Boyer [25] for incompressible fluids®

and generalized to compressible fluids by Hartle & Sharp (1965) [59] and Boyer & Lindquist

(1966) [27]. Note the difference of sign in front of InT" with respect to the Bernoulli theorem

(3.78).

Remark : Another important difference is that (3.78) provides a constant along each fluid line, but
this constant may vary from one fluid line to another one, whereas (3.98) involves a constant

throughout the entire star. However, (3.98) requires the fluid to be in a pure circular motion, while
the Bernoulli theorem (3.78) is valid for any stationary flow.

The Newtonian limit of (3.98) is readily obtained since v ~ ® and InT ~ U?/2 (cf. § 3.4.2);
it reads

2

H+d— U7 = const (3.99)

Newt.

Again notice the change of sign in front of U?/2 with respect to the Bernoulli expression (3.83).
Notice also that U? = Q?r?sin? 6 [Eq. (3.41)] and that

1
Dot i = P — 59%2 sin? @ (3.100)

is the total potential (i.e. that generating the gravitational force and the centrifugal one) in the
frame rotating at the angular velocity €2 about the rotation axis.

Differential rotation
Equation (3.90) gives, thanks to (3.79), (3.91) and (3.97),
V(H+v—-—hI)+F(Q)VQ=0.

We deduce immediately the first integral of motion :

Q
H+v—InT+ / F(Q)dQ) = const | (3.101)
0

Remark : The lower boundary in the above integral has been set to zero but it can be changed to any
value: this will simply change the value of the constant in the right-hand side.

Let us make explicit Eq. (3.91), by means of respectively Egs. (3.97), (3.30), (3.31), (3.35) and
(3.32):

a-x I o= . _ I T
FQ) = Tk :NP("‘FU)'X:WU'XZF(Q—W)X X
1 B2(Q — w)r?sin® 0
_ O — WV B%2sin 0 — )
N =) @ T W BN = e N0 — )2 0]

Hence

B2(Q — w)r?sin?6
N2 — B2(Q — w)2r2sin? 0 |

F(Q) = (3.102)

®More precisely, the first integral obtained by Boyer is (within our notations) N?(1 — U?) = const/h?. Taking
the square root and the logarithm, we obtain (3.98).
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At the Newtonian limit, this relation reduces to

F(Q) = Qr?sin?0

Newt. (3.103)

and (3.101) to

U? Q
H+ - 5 —|—/ F(Q)dY = const . (3.104)
0 Newt.

Equation (3.103) implies that £ must be a function of the distance from the rotation axis:

(3.105)

‘Q:Q(TSiDH)‘N .
ewt.
We thus recover a well known result for Newtonian differentially rotating stars, the so-called
Poincaré- Wavre theorem (see e.g. § 3.2.1 of Ref. [101]). In the general relativistic case, once
some choice of the function F' is made, one must solve Eq. (3.102) in  to get the value of  at
each point. The first integral (3.101) has been first written® by Boyer (1966) [26]. The relation
(3.102) has been presented by Bonazzola & Machio (1971) [23] (see also the work by Abramowicz
(1971, 1974) |1, 2]).

From the alternative form (3.95) of the equation of fluid motion, we get, as an integrability
condition, that ¢/(1 — Q) must be a function of €2, i.e. that ¢ itselft must be a function of Q:

0=0Q)] (3.106)

The relation between this function and F' is obtained by comparing (3.94) with (3.90):

() F(Q)
F(Q)=—F— Q)= —FF—. 1
Q=10 = Y= 1arm (3.107)
3.4.4 Stellar surface and maximum rotation velocity
Let us consider a rigidly rotating star and rewrite the first integral of motion (3.98) as
H=H.+v.—v+InT, (3.108)

where H. and v, are the values of H and v at 7 = 0 [we have InT'. = 0 since U =0 at » = 0 by
Eq. (3.32)]. The surface of the star is defined by the vanishing of the pressure:

‘ stellar surface: p =20

7 (3.109)

which expresses the local equilibrium with respect to the ambient vacuum. Let Hy be the value
of H corresponding to p = 0 (usually, Hy = 0). As a solution of the Poisson-like equation (3.14),
v is an increasing function of r, from v, < 0 to v = 0 at r = +00. For instance, at the Newtonian
limit and in spherical symmetry, v = —M /r outside the star. Therefore —v is a decreasing
function of r and if InT" = 0 (no rotation), (3.108) implies that H is a decreasing function of r as
well. Provided that H. > Hy, it always reaches Hg at some point, thereby defining the surface
of the star. If the star is rotating, In I is an increasing function of r. It takes its maximum value

%in the equivalent form N?(1 — U?) = [1 + I'(Q)]?/h?, the link between the functions I'(Q) and F(Q) being
[l +0(Q)] = — [3F F(Q)d
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in the equatorial plane § = 7/2. For instance, for a Newtonian star, InT' = (Q2/2)r2sin? 6. If
Q is too large, it could be that InI' compensate the decay of —v in such a way that H remains
always larger than Hy. Therefore, for a given value of H., there exists a maximum rotation
speed. Physically this corresponds to the fluid particles reaching the orbital Keplerian velocity
at the stellar equator. For this reason, the maximal value of ) is called the Keplerian limit
and denoted Q.

3.5 Numerical resolution

Having established all the relevant equations in the preceding sections, let us now discuss briefly
their numerical resolution to get a model of a rotating star.

3.5.1 The self-consistent-field method

To be specific, we consider rigidly rotating stars: {2 = const, but the following discussion can be
adapted to take into account differential rotation. A standard algorithm to numerically construct
a rotating stellar model is the following one. Choose

e a barotropic EOS, of the form
e=¢(H) and  p=p(H), (3.110)
assuming that H = 0 corresponds to p = 0;
e some central value H, of the log-enthalpy H;
e some value for the constant angular velocity €.

In addition assume some values for the four metric functions N, w, A and B. These may be
crude values, such as the flat spacetime ones: N = A = B =1 and w = 0. Next, initialize U to
zero and the enthalpy to a crude profile, like H = H.(1 —12/R?) where R is some radius chosen,
also crudely, around the expected radius of the final model. Then

1. Via the EOS (3.110), evaluate € and p. The surface of the star is then defined by p = 0.

2. From U, I, € and p, compute via Eqs. (3.36)-(3.38) the matter sources E, p,, S, S”,, S%,
S¥, that appear in the right-hand side of Einstein equations.

3. Solve the Einstein equations (3.14)-(3.17) as flat Poisson-like equations, using the current
value of v, w, A and B on their right-hand sides, thereby getting new values of N = expv,
w, A and B.

4. Compute the velocity field from Eq. (3.32): U = (B/N)(2 —w)rsin §; evaluate the Lorentz
factor via Eq. (3.35): T = (1 — U?)~1/2,

5. Use the first integral of fluid motion in the form (3.108):
H=H.4+ve—v+Inl

to compute H in all space. Go to step 1.
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In practice, this method leads to a unique solution for a given value of the input parameters
(Hc, Q) and a fixed EOS.

The above method is called the self-consistent-field method (SCF) and was introduced
for computing Newtonian rotating stars by Ostriker & Mark (1968) [34] (see Ref. [38] for some
historical account). The first application of this method to compute rapidly rotating stellar
models in full general relativity, along the lines sketched above is due to Bonazzola & Maschio
(1971) [23].

Remark : The procedure described above is only a sketch of the actual algorithm implemented in a
numerical code; the latter is generally more complicated, involving some relaxation, progressive
increase of {2 from null value, convergence to a given mass, etc.

The mathematical analysis of the self-consistent-field method applied to the Einstein equa-
tions (3.14)-(3.17) has been performed by Schaudt & Pfister [92, 91, 86]. They proved the
exponential convergence of the method and that the exterior and interior Dirichlet problem for
relativistic rotating stars is solvable, under some conditions on the boundary data. The full
mathematical demonstration of existence of rotating fluid stars in general relativity has been
given by Heilig in 1995 [62], by a method different from the self-consistent-field, and only for
sufficiently small angular velocities §2. Let us stress that, up to now, we do not know any exact
solution describing both the interior and the exterior of a rotating star in general relativity (see
e.g. [79, 93] for a discussion).

3.5.2 Numerical codes

The first numerical models of rotating relativistic stars have been computed by Hartle & Thorne
(1968) [61] in the approximation of slow rotation (cf. § 3.2.5). The first rapidly rotating mod-
els were obtained by Bonazzola & Maschio (1971) [23]| using a formulation very close to that
presented here, namely based on Lewis-Papapetrou coordinates (the cylindrical version of QI
coordinates, cf. § 2.2.2) and applying the self-consistent-field method to a system of equations
similar to (3.14)-(3.17) (basically using the variable \/—g4 instead of N'). All the numerical codes
developed since then have been based on the self-consistent-field method. Almost all make use of
QI coordinates, an exception being the code of Lin & Novak (2006) [77] based on Dirac gauge. In
1972, Wilson [106] used the Bardeen-Wagoner formulation [14] (cf. § 3.2.5) to compute models
of differentially rotating stars without an explicit EOS. In 1974 Bonazzola & Schneider (1974)
[24] improved Bonazzola & Maschio’s code and computed the first models models of rapidly
rotating relativistic stars constructed on an explicit EOS (an ideal Fermi gas of neutron). In
1975, Butterworth & Ipser [29, 30] developed a code based on the Bardeen-Wagoner formulation
and computed homogeneous rotating bodies [29, 30| as well as polytropes [28]. Friedman, Ipser
& Parker (1986, 1989) [12, 43| applied their method to some realistic (i.e. based onto detailed
microphysics calculations) EOS. This study has been extended by Lattimer et al. (1990) [70] to
include more EOS.

In 1989, Komatsu, Eriguchi & Hachisu (KEH) [66] developed a new code, also based on the
Bardeen-Wagoner formulation, and applied it to differentially rotating polytropes [67]. Their
method has been improved by Cook, Shapiro & Teukolsky (CST) (1992,1994) [37, 38|, by intro-
ducing the radial variable s = 7/(r + req), where 7¢q is the 7 coordinate of the stellar equator,
in order that the computational domain extends to spatial infinity — the only place where the
boundary conditions are known in advance [Eq. (3.23)]. In 1995, Stergioulas & Friedman [96]
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Figure 3.1: Isocontours of the proper energy density ¢ in the meridional plane ¢ = 0 for the rotating
neutron star model discussed in § 3.5.3. The coordinates (z, z) are defined by x := rsinf and z := r cos 6.
The thick solid line marks the surface of the star.

developed their own code based on the CST scheme, improving the accuracy, leading to the
famous public domain code rns [113].

In 1993, Bonazzola, Gourgoulhon, Salgado & Marck (BGSM) [22] developed a new code based
a formulation very close to that presented here (cf. § 3.2.5), using spectral methods [53], whereas
all previous codes employed finite differences. This code has been improved in 1998 [21, 19| (by
introducing numerical domains adapted to the surface of the star) and incorporated into the
LORENE library, to become the public domain code nrotstar [112]. It is presented briefly in
Appendix B.

In 1998, Nozawa et al. [33] have performed a detailed comparison of the KEH code, the rns
code and the BGSM code, showing that the relative difference between rns and BGSM is of the
order of 10™* (at most 10~ in some extreme cases). The relative difference between KEH and
BGSM is only of the order 1073 to 1072, This is due to the finite computational domain used
by KEH, implying approximate boundary conditions for some finite value of . On the contrary,
thanks to some compactification, both rns and BGSM are based on a computational domain
that extends to 7 = +o00 where the exact boundary conditions (3.23) can be imposed.

A new multi-domain spectral code has been developed by Ansorg, Kleinwaechter & Meinel
(AKM) in 2002 [8, 6]. It is extremely accurate, leading to rotating stellar models to machine
accuracy (i. e. 107! for 16-digits computations). It is has been used recently to compute
sequences of differentially rotating stars, with a very high degree of differential rotating, leading
to toroidal stellar shapes [7].

For a more extended discussion of the numerical codes, see the review article by Stergioulas
[95]. In particular, a comparison between the AKM, KEH, BGSM, rns and Lorene/rotstar
codes can be found in Table 2 of that article.
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Gravitational mass M 1.400 Mg
Baryon mass Mj, 1.542 M,
Rotation frequency €2/(27) 716 Hz
Central log-enthalpy H. 0.2262 ¢?
Central proper baryon density ny, 0.5301 fm =3
Central proper energy density & 5.7838 ppucc?
Central pressure p. 0.8628 pnucc2
Coordinate equatorial radius req 9.867 km
Coordinate polar radius 7, 8.649 km

Axis ratio rp/req 0.8763
Circumferential equat. radius Reirc 12.08 km
Compactness GM/(c?Reire) 0.1711
Angular momentum J 0.7238 GM2 /c
Kerr parameter c.J/(GM?) 0.3693
Moment of inertia [ 1.417 x 10%® kgm?
Kinetic energy ratio T'/W 0.0348
Velocity at the equator Ugq 0.1967 c
Redshift from equator, forward zgq —0.01362
Redshift from equator, backward zgq 0.5529
Redshift from pole z, 0.2618

Table 3.1: Properties of the rotating neutron star model presented in § 3.5.3;
Mg = 1.989 x 10%0 kg, ppue := 1.66 x 10'7 kgm 3.

3.5.3 An illustrative solution

In order to provide some view of the various fields in a relativistic rotating star, we present
here some plots from a numerical solution” obtained by the Lorene/nrotstar code described in
Appendix B. The solution corresponds to a neutron star of mass M = 1.4 M, rigidly rotating
at the frequency Q/(27) = 716 Hz. This value has been chosen for it is the highest one among
observed neutron stars: it is achieved by the pulsar PSR J1748-2446ad discovered in 2006 [63].
The EOS is the following one (see [55] for details):

e for the core: the model A18-+dv+UIX* of Akmal, Pandharipande & Ravenhall (1998) [3],
describing a matter of neutrons, protons, electrons and muons via a Hamiltonian including
two-body and three-body interactions, as well as relativistic corrections;

e for the inner crust: the SLy4 model of Douchin & Haensel [11];

e for the outer crust: the Haensel & Pichon (1994) model |54], which is based on the exper-
imental masses of neutron rich nuclei.

A global (coordinate-based) view of the star is provided in Fig. 3.1 and some of its global
properties are listed in Table 3.1. All these quantities are properly defined in Chap. 4. The
metric functions N, w and A are displayed in Figs. 3.2, 3.3 and 3.4 respectively. It appears that

"This solution can be reproduced by using the parameter files stored in the directory
Lorene/Codes/Nrotstar/Parameters/GR/APR_1.4Msol_716Hz
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Figure 3.2: Profile of the lapse function N in two different directions: § = 0 (rotation axis, dashed line)
and 0 = 7/2 (equatorial plane, solid line). The vertical solid line (resp. dashed line) marks the location
of the stellar surface in the equatorial plane (resp. along the rotation axis).
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Figure 3.3: Same as Fig. 3.2 but for the shift vector component w = —g%.
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Figure 3.4: Same as Fig. 3.2 but for the metric coefficient A.
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Figure 3.5: Difference between the metric coefficients B and A in the equatorial plane. The vertical
solid line marks the location of the stellar surface in that plane.
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Figure 3.6: Profile of the fluid proper energy density ¢ in two different directions: 6 = 0 (rotation
axis, dashed line) and 6 = 7/2 (equatorial plane, solid line). The small vertical solid line (resp. dashed
line) marks the location of the stellar surface in the equatorial plane (resp. along the rotation axis).
Poue i= 1.66 x 1017 kgm 2.

the deviations from the flat space values (N =1, w = 0 and A = 1) are maximal at the stellar
center. One may also check on these figures the tendency to fulfill the boundary conditions (3.23)
when r — +00. Moreover, the faster decay of w [in 1/73, cf. Eq. (3.27)] with respect to that of
A [in 1/r, cf. (3.63)] is clearly apparent.

Remark : Figures 3.2 to 3.4 have been truncated at r = 30 km for graphical convenience, but the
computational domain of the Lorene/nrotstar code extends to r = +oo.

The metric function B turns out to be very close to A: on the rotation axis, it is exactly equal
to A [cf. Eq. (2.36)] and, in the equatorial plane, the difference B — A is at most 2.3 x 1073, as
shown in Fig. 3.5.

Two fluid quantities are displayed in Figs. 3.6 and 3.7: the proper energy density ¢ and the
fluid velocity U with respect to the ZAMO [cf. Egs. (3.32) and (3.33)]. In the first figure, note
the presence of the neutron star crust, of width ~ 0.4 km for § = 0 and ~ 0.6 km for 6 = 7/2.
The profile of U shown in Fig. 3.7 is deceptively simple: it looks very close to the Newtonian
profile Qr [Eq. (3.41) with 0 = 7/2|, with one difference however: the mean slope is not € but
~ 1.3€. This slope is approximately constant due to some numerical compensation of the two
factors B/N and (1 —w/2) that appear in Eq. (3.32) once rewritten as U = (B/N)(1—w/Q) Qr.
Indeed B/N is a decreasing function of r, taking the values 2.36 at r = 0 and 1.52 at 7 = 7¢q.
On the contrary, 1 —w/ is an increasing function, taking the values 0.54 at » = 0 and 0.87 at
7 = T'eq. This results in (B/N)(1 —w/Q) taking almost the same values r = 0 and r = req (1.27
and 1.32 respectively), hence the straight behavior of the plot of U(r). Notice that at the stellar
surface, U is a non-negligible fraction of the velocity of light: U ~ 0.2 c.
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Figure 3.7: Profile of the norm U of the fluid velocity with respect to the ZAMO, in the equatorial
plane.
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(Global properties of rotating stars
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4.1 Total baryon number

The baryon 4-current is
Jb = np, (4.1)

where ny, is the baryon number density in the fluid frame and 4 is the fluid 4-velocity. For a stellar
model computed along the method sketched in § 3.5.1, ny, is obtained from the log-enthalpy H
and the EOS (3.110) via the formula

b exp(—H), (4.2)
my

ny =

which is easily deduced from Egs. (3.79) and (3.73). The baryon 4-current obeys the conservation
equation (3.70):
vuj{; =0. (4.3)

Thanks to this property, it can be shown, via the Gauss-Ostrogradski theorem, that the integral

N = —/ T - T/ dat dx? da® (4.4)
P
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is independent of the hypersurface ¥, i.e. of the slicing (¥;)icr of spacetime. It gives the total
number of baryons in the star. Note that, by definition of the baryon 4-current, the integrand,
ny = —J - 1, is nothing but the baryon number density as measured by the ZAMO, whose 4-
velocity is 7. Thanks to the relation I' = —7i - 4 [Eq. (3.34)], we have n{ = I'n,. Choosing
(2!, 22, 2%) = (r,0,¢), we have in addition /7 = A2Br?sind [Eq. (3.3)], so that expression (4.4)
can be explicited as

N = I'npA2Br? sin6 dr df dy |. (4.5)
¢

We may convert A/ to a mass, by multiplying it by the mean baryon mass my, ~ 1.66 x 10727 kg :

(% =N} 19

My, is called the baryon mass of the star.

4.2 Mass

Due to the mass-energy equivalence, the mass of the star must involve all forms of energy,
including the gravitational field energy. Now the latter is not localizable (as a consequence of
the Equivalence Principle): there is no “energy density” of the gravitational field. This implies
that the mass of the star cannot be defined as a integral over ¥; of some “mass density” as in
(4.4), which gives the N as the integral of the baryon density nj = —j;, - 7@ over X.

The are two major concepts of mass in general relativity (see Refs. [16], [L00], [64] for more
details) : the ADM mass which applies to any asymptotically flat spacetime and the Komar
mass which holds only for stationary spacetimes. In the present case, both coincide. We shall
examine first the Komar mass definition.

4.2.1 Komar mass

Given the Killing vector 5 associated with stationarity, the Komar mass is

1
= —_—— Hep
M : 8ﬂfyvg S, |, (4.7)

where .7 is any closed 2-surface (sphere) surrounding the star and dSy, is the area-element
2-form normal to .. In the case where .7 is entirely contained in the hypersurface ¥; and is
defined by r = const, it is spanned by the coordinates (6, ¢) and

dS, = (sumy — suny,)\/q df do, (4.8)

where the n,’s are given by (1.54), the s,’s are the covariant components of the unit normal
§of % in (X¢,7) and ¢ is the determinant of the components g, of the metric induced by ~
(or equivalently g) on .. From the diagonal form (2.39) of +, we have § = s, and s" is
determined by the normalization condition §- 8= 1. Hence

s =(0,A71,0,00 and s, =(0,4,0,0). (4.9)
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Since . is defined by {t = const, r = const}, we read on (2.38) the following components of the
metric g on .%:
qap dz® da® = r? (A%d6? + B*sin® 0 dyp?) . (4.10)

Hence

Vq = ABr?sin. (4.11)

Remark : The Komar mass as defined by (4.7) is the fluz integral through . of the type (2,0) tensor
65 In dimension 3, there is locally only one direction § normal to a given sphere, so that instead
of the normal 2-form (4.8), one considers the normal 1-form dS; = s;,/q df dy; flux integrals are
then defined for vectors, i.e. type (1,0) tensors. In the 4-dimensional spacetime (.#,g), there
exists a whole plane of directions normal to the sphere and the vectors (73, §) which appear in (4.8)
form a basis of that plane.

A priori the quantity M defined by (4.7) should depend on the choice of the surface ..
However, owing to the fact that 5 is a Killing vector, this is not the case, as long as . is located
outside the star. This was shown by Komar in 1959 [65]. To prove it, one may use the Gauss-
Ostrogradski theorem, the Killing equation (2.4) and the Einstein equation (1.24) to rewrite the
integral (4.7) as'

M:Q/E [T(ﬁ,g)—%Tﬁ-g VA drdo g, (4.12)

where T' is the energy-momentum tensor and T' := gH"T,,, its trace with respect to g. From
(4.12), it is clear that outside the support of T', i.e. outside the star, there is no contribution to
M, hence the independency of M upon the choice of ..

Expressing (4.7) in terms of 3+1 quantities, we get (cf. § 7.6.2 of [16] for details),

M=t 7{ (S'DiN — Kyys'#) /g d6 d. (4.13)
S

7

In the present case, substituting (4.9) for s, (2.43)-(2.44) for K;;, (2.37) for 7 and (4.11) for
V4, we have

1 ON  B?r%sin?0 ow

— — —————w— | Br¥sinfdf de. 4.14

( or oN  © 67“) rosm 4 (4.14)

If we let the radius of the sphere extend to +oo, then the term containing w does no longer
contribute to the integral, since (3.27) implies

Ow 1
2

Taking into account B — 1 when r — +o00, we may then write

=1,

1 N
M =— lim a—ﬁ sin 6 df dy |, (4.15)
AT S—co J o OF

where the limit means that the integral is to be taken on a sphere . of radius r — +o00. Plugging
the asymptotic behavior (3.26) of N into the above formula yields Ky = —M, hence

N:1—%+o<i>. (4.16)

r r2

!See e.g. § 7.6.1 of [46] for the detailed demonstration.
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Let us now turn to the volume expression of M provided by formula (4.12). Introducing in it
the 3+1 decomposition (1.50) of the energy-momentum tensor, and making use of & = N1 + 3
[Eq. (1.51)] with 8; = &, we get

M= [ [N(E+S)-2pB] /ydrddde. (4.17)
¢

In the present case, taking into account expression (3.37) for p;, (2.37) for 8* and (3.3) for /7,
we obtain

M = [N(E + S) 4 2wB(E + p)Ursin 8] A2Br?sin 0 dr df dy | (4.18)
p

At the Newtonian limit, only the term in F ~ p remains in this expression:

M = pr?sin 0 dr d dyp . (4.19)
2t

Newt.

Of course, we recognize the expression of the mass as the integral of the mass density p.

4.2.2 ADM mass

The ADM mass has been introduced by Arnowitt, Deser & Misner in 1962 [9] for any asymp-
totically flat spacelike hypersurface ;. It is expressible as [16, (4]

1 , _
ADM = 76 S " Vij (") | s"/qdf de |, (4.20)

where (i) f is a fiducial flat 3-metric on $y: fi; = diag(1,72,7?sin® 0) and f¥ = diag(1,72,r~?sin"20)

and (ii) D stands for the connection associated with f.

Remark : Contrary to the Komar mass definition (4.7), the surface integral in (4.20) has to be taken
at infinity. Note also that the ADM mass does not require stationarity to be defined. In non-
stationary spacetimes, the Komar mass can still be defined by an integral of the form (4.7) where
E is an asymptotic Killing vector, but then the surface .# has to be located at infinity.

We leave as an exercise to the reader to show that with the form (2.39) of ~;;, the formula
(4.20) can be explicited as

1 a BZ —A2
Mapm = —15— i G2y By 2 2 . 4.21
ADM 167 Yl—r)noo%y [m( +B%) + , } resinf df dy (4.21)

Although the two definitions look very different, Beig (1978) [16] and Ashtekar & Magnon-
Ashtekar (1979) [10] have shown that for a stationary spacetime, the ADM mass is always equal
to the Komar mass, provided that ¥; is orthogonal to the Killing vector £ at spatial infinity,

which is our case here:
=] (12

Therefore, for a stationary rotating star, the Komar mass and ADM mass coincide. This
common value, denoted here by M, is sometimes called gravitational mass, to distinguish it
from the baryon mass defined by (4.6).
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4.2.3 Binding energy

The binding energy of the star is defined by as the difference between the gravitational mass
and baryon mass:

Epina := M — M, | (4.23)

Physically, |Eping| is the energy one should spend to disperse all the particles (baryons) consti-
tuting the star to infinity. The star is bound iff Eyjng < 0. If Eping > 0, the star would be
unstable and would explode, releasing the energy Fiing.

4.3 Virial identities

4.3.1 GRV3

Taking the identity of ADM and Komar mass as a starting point, Gourgoulhon & Bonazzola
(1994) [48] have derived a formula that generalizes the Newtonian virial theorem to general
relativity for stationary spacetimes. It is called GRV 3, for General Relativistic Virial theorem,
the “3” recalling that the integral is a 3-dimensional one. For a rotating star, it reads [Eq. (43)

of [48]]
1 1 1 1 1 1 [0A 1 0A
L {4”5 e (3”3” - mf"‘53> o (ﬁ - ?) [z <E ! m%)

1 (OB 1 OB 3B%sin%6
I B -z o7 > 7 A2Br?si = 4.24
2B (67’ * rtan6 00 )] + 8r2A2N?2 8w3w} rsinfdrdfdp =0, (4.24)

with S given by (3.38) :
S =3p+ (E+pU=

At the Newtonian limit, S ~ 3p + pU? v~ ®/c?, mnA~ —®/c*>, nB~ -®/c?, A~1, B~1
and w = 0, so that, after division by 4, (4.24) becomes

‘ 2Eyin + 3P 4 Egray = 0 ‘ Nowt. (4.25)
where

1

By = 3 / pU? r2sin 6 dr df dy (4.26)
)3

P= [ pr’sin@drdddy (4.27)

P

1 -

Egrav = ~%C Zt(V‘1>)2 2 sin 0 dr df de. (4.28)

Eyin and Ega, are respectively the kinetic energy and the gravitational potential energy of the
star, and we recognize in (4.25) the classical virial theorem for stationary configurations (see e.g.
Eq. (2.180) of Ref. [101]).

The GRV3 identity proved to be very useful to check numerical solutions [33, 95].
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4.3.2 GRV2

Another virial identity has been obtained by Bonazzola (1973) [19] (see also Ref. [22, 20]).
Following [20], it is called GRV2, because contrary to GRV3, it involves a 2-dimensional integral.
The derivation of GRV?2 is quite straightforward once we consider the last equation of the Einstein
system (3.14)-(3.17). The operator on the left-hand side of (3.17) is the 2-dimensional flat
Laplacian Ay. It operates in the plane R? spanned by the polar coordinates (r,6) and its Green

function is 1
G(Z, f/) =5 In||Z — :E"||, (4.29)

where & denotes the vector of R? of coordinates (z%) = (r,6) and ||Z — #'|| is the norm of & — 7’
with respect to the flat Euclidean metric of R2. Accordingly, the generic solution of (3.17),
assuming its right-hand side is given, is

I 1
lnA—i—V:—lnr—i—O(—), (4.30)
2m r

where I is the integral of the right-hand side of (3.17),

3B2%r?sin% 6

o= 87TA25“’¢ + N2 Owdw — vy, (4.31)

over R? with respect to the flat area element r dr d6:

r=-+oo 0=2m
I= / / ordrdb. (4.32)
r=0 0=0

In the above integral, the coordinate 6 spans the interval [0, 27|, whereas the QI coordinate 6
runs in [0, 7] only. This is because the meridional surface M, covers only half of R?. To define
(4.32), we therefore use the analytical continuation of o from [0, 7] to [m, 27r]. More precisely, since
the regularity conditions imply that o can be expanded into a series of cos(kf), the analytical
continuation satisfies

Vo € [r,2x], o(r,0) =o(r,2m —0). (4.33)

Now, when r — 400, the asymptotic behavior of v is O(1/r) [cf. Eq. (3.26)] and the same things
holds for In A [see (3.63) for the spherically symmetric case|. To have a regular asymptotically
flat solution, we must therefore have I = 0 in (4.30). In view of (4.31), (4.33) and expression
(3.38) for S¥,, this implies

AN

r=-+oo O=m B2 2 o3 29
/ / {87TA2 b+ (E +p)U? + 37”72”“ Owdw — 81/81/} rdrdd =0  (4.34)
r=0 0=0

This is the GRV2 identity. Note that the integration domain in 6 has been reduced to [0, 7]
thanks to the property (4.33), thanks to which I is twice the integral in the left-hand side of

(4.34). As GRV3, it is very useful to check the accuracy of numerical solutions [33, 95].
The Newtonian limit of GRV2 is

r=-+4o0o O=m 1 .
/ / [p + pU% — —(V®)?| rdrdfd =0 . (4.35)
r=0 6=0 8nG
Newt.
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The identity (4.35) has been exhibited in 1939 by Chandrasekhar [35] in the special case of
spherical symmetry, but it seems that it has not been considered for axisymmetric Newtonian
bodies before the work [20].

Remark : Although it also involves a 2-dimensional Laplacian, Eq. (3.16) of the Einstein system does
not give birth to a virial identity because of the sin # factor on its right-hand side, which leads to
o(r,0) = —o(r,2m — 0) instead of (4.33), implying that I is automatically zero.

4.4 Angular momentum

The Komar angular momentum (or angular momentum for brevety) is defined by a
integral similar to that used to define the Komar mass in § 4.2.1 but replacing the stationarity
Killing vector € by the axisymmetry Killing vector x:

- 7§ Vi dSp | (4.36)

where .7 is any closed 2-surface (sphere) surrounding the star and dS,, is the area-element
2-form normal to . given by (4.8). As for the Komar mass, J is independent of the choice of
. provided the star is entirely enclosed in .¥.
In terms of the 341 quantities .J is expressible as (cf. [16] for details)
1

J = - KUS X’ /g db dp. (4.37)
By means of the Gauss-Ostrogradski theorem and Einstein equation, we can get a volume ex-
pression of J similar to (4.12), differing only by the replacement of é’ by x and the overall factor
2 by —1. Since X is tangent to ¥, we have T'(7i,X) = —p - X and 7 - X = 0, so that the final
expression reduces to

J:/ pix'\/A drdf dp. (4.38)
P

For a perfect fluid rotating star, p;x* = p,, and we get, by combining Eqgs. (3.37) and (3.3),

J= / (E +p)UA?B*r3sin® O dr df dy |. (4.39)
p3

At the Newtonian limit, this expression reduces to

J = / pUrsin® x 2 sin @ dr df dy . (4.40)
Zt Newt.

We recognize the z-component of the star total angular momentum.
Let us make explicit the surface integral expression of J, Eq. (4.37), in the present case. We
have from Eq. (2.43)-(2.44) and (4.9),
B?r?sin? 0 0w

Kl-jsixj = K5 = AN o —r2sin 93—(: when r — +o0.
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Therefore taking the limit . — oo in Eq. (4.37) gives
1 0
J = lim 7{ 2 4 sin3 0 do de.
R or

_16—7T S —00

Now, from the asymptotic behavior of w as given by (3.27), dw/0r = —3K1/r*+0O(1/r°). Hence

K ™ K ™ K
J:E/ sin39d9:3—1/ (1—(:0826)sin9d0:—1.
8 0 8 0 2

We may therefore rewrite the asymptotic behavior of w as
2J 1
w=-3 +0 <ﬁ> . (4.41)

In particular, we recover the fact that if the star is not rotating (J = 0), then w = 0 [cf. (2.42)].
Having defined both J and M, we can form the dimensionless ratio

J

e (4.42)

7:

j is called the Kerr parameter. For a Kerr black hole of parameters (a, M), j = a/M and
varies between 0 (Schwarzschild black hole) and 1 (extreme Kerr black hole).
Next, for a rigidly rotating star, one defines the moment of inertia by

1=zl (4.43)

Remark : Due to the so-called supertranslation ambiguity, there is no equivalent of the ADM mass for
the angular momentum (see e.g. [64] for a discussion).

4.5 Circumferential radius

The stellar equator is the closed line at the surface of the star [p = 0, cf. (3.109)| defined by
t = const and 6 = 7/2 (equatorial plane). It has a constant value of the coordinate r, that we
have already denoted by req. A coordinate-independent characterization of the stellar equator is
the circumferential radius:

€
27 |
where % is the circumference of the star in the equatorial plane, i.e. the length of the equator
as given by the metric tensor. According to the line element (2.38), we have

1 1 B 2 2
Reire = ]é ds = — B2r2sin? 0 dp? = B(req,m/2) 1eq / do,
r=req 2 27T ;

27T T=Teq
O=m/2 =

Reire = (4.44)

hence

Rcirc = B(Teq7 7T/2) Teq |- (445)

Of course, at the Newtonian limit, B = 1 and Rgc = 7eq- For a relativistic star, we have
B > 1 (cf. Fig. 3.4, taking into account that B is very close to A, as shown in Fig. 3.5), so that
Rcirc > Teq-
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4.6 Redshifts

4.6.1 General expression of the redshift

Consider a photon emitted by the fluid at the surface of the star. The photon follows a null
geodesic .Z of spacetime and is described by its 4-momentum? p, which is a future directed null
vector:

p-p=0. (4.46)
P is tangent to . in each point and obeys the geodesic equation
Vsp =0. (4.47)

For an observer who is receiving the photon, the relative shift in wavelength, called redshift,
is

>\rec - )\em
= 4.4
z Aem U ( 8)

where Ao is the photon’s wavelength as measured by the observer (the “receiver”) and Aey, is the
photon’s wavelength in the fluid frame (the “emitter”). In terms of the photon energy E = hic/\,

the above formula can be written
Eem

EI‘GC

~1. (4.49)

z =

Now, by the very definition of the photon 4-momentum, the photon energy measured by an
observer O is

Eo = —uo - p, (4.50)

where g is the 4-velocity of O. In the present case, Uey = @ (the fluid 4-velocity), whereas, for
an observer at infinity and at rest with respect to the star 4, = £&. Hence

em _ q

, (4.51)

f_ﬁl g
T

rec

—

where the indices ‘em’ and ‘rec’ indicate the location where the scalar products 4 - p and é -p
are to be taken.

A fundamental property for the scalar product é - P is to be conserved along the photon
geodesic worldline. To show it, let us take the scalar product of (4.47) by 5, we have successively

&'V up” =0,
pu[vu(&/py) - pyvu§V] =0,
pllvu(&/pl’) - pupyvugu = 07
0
PV, (&p”) =0, (4.52)

?We are using the same letter p as for the matter momentum density with respect to the ZAMO inside the
star [cf. Eq. (1.32)], but no confusion should arise.
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where we have used the Killing equation (2.4) to set to zero the term p*p”V &,

1 1
PV & = = (0P & + VMV L) = " (V& + V0uE,) = 0.
| —

2 2
0
Equation (4.52) can be rewritten as
VHE-5) = 0] (4.53)
Since p'is tangent to the photon worldline, this relation shows that
£ p = const along the photon worldline | (4.54)

Hence the symmetry encoded by 5 (stationarity) gives birth to a conserved quantity. This is
another manifestation of the Noether theorem (cf. § 3.4.2). Similarly, we have

= const along the photon worldline ‘ (4.55)

X p
The conservation laws (4.54) and (4.55) are particularly useful when we specialize 4 in (4.51)

to the circular form (2.25): @ = (I'/N)(€ + Qx) (we have used (3.31) to replace u' by T'/N). We
get then

so that Eq. (4.51) becomes

N
= — > lew 4 g X Plew | . (4.56)
Nlew \ €9 £-p
rec rec
Thanks to (4.54), £ p :gﬁ , hence
em rec
T X P
7= — <1+Q’ﬁ’j>—1. (4.57)
em E'P

Note that we have suppressed the indices ‘em’ or ‘rec’ on X - p and é - p thanks to (4.54) and

(4.55).

Remark : For differentially rotating stars, € is not a constant and the value to be used in Eq. (4.57) is
the value at the emission point.

4.6.2 Polar redshift

Let us apply formula (4.57) to an emission taking place at one of the poles of the star, i.e. at
one of the two points of intersection of the stellar surface with the rotation axis: # =0 or = 7.
On the rotation axis X = 0 [Eq. (2.6)]. Moreover, I' = 1 since U = 0 on the rotation axis [cf.
Eq. (3.32) with siné = 0]. Accordingly, formula (4.57) simplifies to

p=— —1|, (4.58)

where the index ‘p’ stands for polar values.
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4.6.3 Equatorial redshifts

Let us now consider the emission from the equator and in a direction tangent to it, i.e. an
emission from the left or right edge of the star as seen by the distant observer. The photon
4-momentum at the emission is then

p=p'€+pX, (4.59)

with p®# > 0 (resp. p¥ < 0) for an emission in the forward (resp. backward) direction with
respect to the fluid motion. The term in factor of © in formula (4.57) is then

v .5 x-£& v ©

X P_X 5_,+ ax-x _ g i Ozgw,, with o= p_t (4.60)
E&p E-&E+af-X git + Gie D

Note that since P is a future directed null vector, we have p’ > 0; in particular p’ # 0, so that «

is always well defined.

Besides, Eq. (4.46) writes gi(p")? + 201,0'0% + g (p)? = 0, L.

gtptpa2 + 2g1p00 + g = 0. (4.61)
From this relation, we can write (4.60) as
o = 1
XP__- (4.62)
§&p @

Finally, we compute « by solving the second-order equation (4.61). We get two solutions:

—Gtp T4/ gt2g0 ~919¢¢  Brw+ N

ot = - )
9o Br

where the second equality follows from the expression (2.34) of the metric components, specialized
at @ = m/2 (equatorial plane). Substituting the above value for o into Eq. (4.62) leads to

XD Br
£.p5 FN-Brw

(4.63)

Since 5 and p are both future directed, we have always é’ -p < 0. For a emission in the forward
direction x - p = B?r?(p? — wp') > 0, so the — sign must selected in the above expression. On
the contrary, the + sign corresponds to an emission in the backward direction. Inserting this
result into Eq. (4.57), we thus get, for an emission in the forward direction

r B r B 1 1-—
S I v
~——

— p— _1
“4 N N + Brw N 4+ Brw N + Brw /1 = U2 ’
U

1 1-U

f

= — 1] 4.64
Feq N+ Brw\V 14U ( )

In the right-hand side, all the functions are to be taken at the emission point. Similarly choosing
the + sign in (4.63) leads to the redshift in the backward direction:

1 1+ U

b

. N —1) 4
*a T N_BroV1-U (4.65)

i.e.
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Remark : As a check of the above expressions, we may consider the flat spacetime limit: N = 1 and
w = 0. We then recover the standard Doppler formulas

[1-U [1+U
f b
Zeq = T -1 and Zeq =\ T2 -1

They imply zgq <0, i.e. ablueshift (the emitter is moving towards the observer in the forward case)
and zlfq > 0, i.e. a true redshift (the emitter is moving away from the observer in the backward
case).

4.7 Orbits around the star

4.7.1 General properties of orbits

Let us consider a test particle &2 of mass m < M orbiting the star. Let ¥ be the 4-velocity of
& its components with respect to QI coordinates are

o [dt dr db de
v = <E,E,E,E>, (466)

where 7 is the proper time of &. The 4-momentum of the particle is

= md. (4.67)

=

The 4-velocity normalization relation o' - ¥ = —1 is equivalent to
p-p=-—m’ (4.68)

Assuming that &2 is submitted only to the gravitation of the star, its worldline is a timelike
geodesic of (.#,g). In particular V34 = 0 or equivalently

Vip =0. (4.69)

Due to the symmetries of (.#,g), we have the same conserved quantities as those given by
Eqs. (4.54)-(4.55) in the photon case:

E:=—
L:=x-p=p,=const| (4.71)

Indeed the demonstration of (4.54)-(4.55) [cf. Eq. (4.52)] used only (i) the Killing character of €
and X and (ii) the property (4.69), which holds for a photon as well as for a massive particle. If
the particle reaches spacelike infinity, where é ~ 1 (the ZAMO 4-velocity), the constant E is the
particle energy as measured by the asymptotic ZAMO Similarly, L is the angular momentum of
the particle with respect to the rotation axis as measured by the same observer: when r — +oo,
L ~ mr?sin? 0 dp/dt (assuming that asymptotically, the proper time of the & coincides with ¢,
i.e. that & is not relativistic).
Everywhere is space, the energy of & as measured by the ZAMO is [cf. Eq. (2.41)]

Lo Lz, o\ o 1 o Lo
EZAMoz—n-pz—N(éwwa)-pZN(—é-p—wx-p>,
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hence

1
Ezavio = (B —wL) | (4.72)

Remark : Since N — 1 and w — 0 when r — 400, it is clear on this formula that £ = Eyzano if the
particle reaches spatial infinity.

4.7.2 Orbits in the equatorial plane

We restrict ourselves to orbits in the equatorial plane: § = 7 /2. Then, according to Eq. (4.66)
and (4.67), p’ = mdf/dr = 0. Given the form (2.32) of the metric coefficients, this yields

po = goup" = A%r*p’ = 0.

Combining with (4.70)-(4.71), we conclude that we have three constants among the four compo-
nents po: pt, pg and p,. The fourth component, p,, is obtained from the normalization relation

(4.68):
9" pupy, = —m?>.

Substituting the values of g"” given by (2.35), we get

_ﬁ_ thpsO_i_ﬁ Pi I 1 _W_2 2 _ _ .2
N2 N2 Az r2A2 B22sin2g N2 )Pe T '
Since § = /2, py = —FE, pg = 0 and p, = L, we get :
2 2
pr 1 2 2 L
Now, from (2.34), (4.66) and (4.67),
n 2, r 2 T 2 dr
Pr = gruP =A = A"mv" = A*m—.
dr
Thus, we can rewrite (4.73) as
1 /dr\” -
3 (é) +V(r,E,L) =0, (4.74)
where F and L are the constants of motion defined by
_ E _ L
E.=— and L:=—, (4.75)
m m
and
_ 1 1 - =\ 2 L?

In view of Eq. (4.74), we conclude that the geodesic motion of a test particle in the equatorial
plane is equivalent to the Newtonian motion of a particle in a one-dimensional space (spanned
by the coordinate r) under the effective potential V(r, E, L).
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4.7.3 Circular orbits

Circular orbits are defined by r = const, i.e. by

d
é =0 (4.77)
d?r

Remark : Condition (4.77) is not sufficient to ensure a circular orbit, for it is satisfied at the periastron
or apoastron of non-circular orbits.

From Eq. (4.74), the two conditions (4.77)-(4.78) are equivalent to V = 0 and 0V /0r = 0, i.e. to

1 L
E —wL Ow 1
E— — — -1=0 4.80
vz |( L } ( - T) , (4.80)
where
=InN and B :=1InB. (4.81)

As we did for the fluid, let us introduce the particle angular velocity as seen by a distant

observer,
de ¥
Np=—=— 4.82
P dt ot ( 8 )

as well as the particle velocity V measured by the ZAMO. Then, similarly to Egs. (2.25), (3.30)
and (3.30) we have

5 =o' (€4 09%). (4.83)
F=T., <ﬁ+17), (4.84)
L
I'p = No' and V = N(Qy —w)X- (4.85)

As for (3.33), the norm of V is |V| with [cf. Eq. (3.32) with sinf = 1]

B
V= N(ng — w)r. (4.86)
The normalization relation ¥ - ¥ = —1 is then equivalent to
Ty =(1-v2)~"2 (4.87)

From Eq. (4.70) and (4.83), we have
E=—v = —gyv" = (N? = B2 + wB*r*!'Qp = o' [N? + B2wr?(Qp — w)] .

Thanks to (4.85) and (4.86), we can write

E=T4% (N + BwrV)|. (4.88)
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Next, from Eq. (4.71) and (4.83), we have

L =v, = gt = —wB*r*' + B2r*'Qp = v B*r?(Qp — w),

L=DBrT,V| (4.89)

i.e. thanks to (4.85) and (4.86),

Combining (4.88) and (4.89), we have

|E—wL=T,N| (4.90)

This result leads to the following expression for the energy of & as measured by the ZAMO and
given by Eq. (4.72):

| Ezavo =Tpm| (4.91)

We thus recover Einstein’s mass-energy relation. This is not surprising since I"» is the Lorentz
factor of &2 with respect to the ZAMO.

In view of the above relations, let us go back to the system (4.79)-(4.80). Thanks to (4.90)
and (4.89), Eq. (4.79) is equivalent to 1 —I'%, + T'2,V2 = 0. It is trivially satisfied since I' » and
V are related by (4.87). Inserting (4.90) and (4.89) into Eq. (4.80) gives rise to a second order

equation for V:
o 1\., Brow o
(5*;)‘/ "N oY (4.92)

This equation was first written by Bardeen (1970) [11]. It admits two solutions:

Br o B2r2 (9w)? o (98 | 1
Brge s /B (%) +age (£ + 1)
Vi = 98 | 1
2(5+3)

This formula gives the circular orbit velocity with respect to the ZAMO as a function of r. All
the metric coefficients in the right-hand side are to be taken at 8 = w/2. The + (resp. —) sign
corresponds to a motion in the same sens (resp. opposite sens) than the stellar rotation: the
orbit is then called direct (resp. retrograde).

At the Newtonian limit, w — 0, |[08/0r| < 1/r and v ~ ®/c?, so that (4.93) reduces to

(4.93)

4 0P
v V@
+=C 2
T
ie.
oo
r Newt.

We thus recover the standard formula obtained by equating the gravitational acceleration, —%—f,
and the centrifugal one, —V?2/r. In particular, in spherical symmetry, ® = —GM/r and (4.94)
yields to the well known result : Vi = 4+,/GM/r.

Remark : At the Newtonian limit, V_ = —V,, whereas in the relativistic case, if the star is rotating
(W #0), Vo # V.



74

Global properties of rotating stars

4.7.4 Innermost stable circular orbit (ISCO)

We have seen from Eq. (4.74) that a circular orbit corresponds to an extremum of the effective
potential: 9V /0r = 0. It is stable if, and only if, this extremum is actually a minimum, i.e. if,
and only if,

o0*V

- > 0. 4.95

o (4.95)

Taking into account that VV = 0 and 9V /9r = 0 on a circular orbit, the above criteria is equivalent

to
E —wL (B L) 0%v 5 o\ 2 N 0%w 43V Ow
N2 “ or? or or? or or
0’8 408 0p\* | 3| IL* [0w\®
L PP o () L2 o (E : 4.
87"2+7"37°+ <87"> +7°2 N2 (87") >0 (4.96)
Substituting (4.90) for E — wL and (4.89) for L, we get, after division by I'%,,
v (00N, VB (@ 000
or? or N \ Or? or Or

2 2
A0, (), 3

or?2  ror or r2

I_/2

T 52,2

2 32,2 2
+V? VB <a—‘*’> > 0. (4.97)

N2 or

The marginally stable orbit, if any, corresponds to the vanishing of the left-hand side in the above
inequality. This orbit is called the innermost stable circular orbit (ISCO). To compute its
location, one has to solve the equation formed by replacing the > sign in (4.97) by an equal sign:

O, (00N, VEr (P v
or2 or N or? or or

2 2
LA (Y8

+V?

Nz \or

V2B2%2 (w2
or2  ror or r2| < > =0 (4.98)

In this equation, V is considered as the function of the metric potentials N, B and w given by
(4.93) and all the potentials are to be taken at # = 7/2. So, once the metric is known, Eq. (4.98)
is an equation in r. If it admits a solution 7 > req (i.e. outside the star), then the ISCO exists.
Otherwise, all the circular orbits are stable down to the stellar surface.

At the Newtonian limit (v ~ ®/c?, |3| < 1 and w — 0), Eq. (4.98) reduces to

e 300
or2 ror

where we have used (4.94) to express V2.
There are basically two causes for the existence of the ISCO:

0, (4.99)

e The star is highly relativistic: for instance in spherical symmetry the metric outside the
star is Schwarzschild metric (cf. § 3.3.3); if the star is compact enough, its surface is located
under the famous 7 = 6 M which defines the ISCO in Schwarzschild metric. Note that via
the relation (3.59) between the areal coordinate 7 and the isotropic coordinate r, 7 = 6\
corresponds to r = (5/2 4+ /6) M.
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e The star deviates significantly from spherical symmetry: in Newtonian gravity, all the orbits
are stable around a spherically symmetric star. But if the gravitational potential deviates
significantly from ® = —GM /r, an ISCO may exist, even in Newtonian gravity. This was
shown explicitly for very rapidly rotating low-mass strange quark stars in Ref. [109]. For
instance, assuming that the deviation from spherical symmetry arises only from the mass
quadrupole moment of the star @) (this is the leading non-spherical term when r — +00),
we have?

M
o = —GT + %Pg(cos 0), (4.100)

where Py(z) = (322 — 1)/2 is the Legendre polynomial of degree 2. Inserting the above
expression of ® in Eq. (4.99), setting 6 = 7/2 and solving for r leads to

/3Q
ISCO = A/ 57 (4.101)

$Equation (4.100) is just Eq. (3.25) truncated at £ = 2 and with equatorial symmetry, so that the term £ = 1
vanishes.
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Appendix A

Lie derivative

Contents
A.1 Lie derivative of a vector field . . . . . . . .. ... ... .. .. ..., 77
A.2 Generalization to any tensor field . . . . . ... ... .o 000, 79

A.1 Lie derivative of a vector field

A.1.1 Introduction

We have seen in § 1.1.5 that the definition of the derivative of a vector field ¥ on .# requires
some extra structure on the manifold .#. This can be some connection V (such as the Levi-
Civita connection associated with the metric tensor g), leading to the covariant derivative V.
Another extra structure can be some reference vector field 4, leading to the concept of derivative
of U along u; this is the Lie derivative presented in this Appendix. These two types of derivative
generalize straightforwardly to any kind of tensor field!.

A.1.2 Definition

Consider a vector field @ on .#, called hereafter the flow. Let ¥ be another vector field on .,
the variation of which is to be studied. We can use the flow 4 to transport the vector ¥ from one
point p to a neighbouring one ¢ and then define rigorously the variation of ¥ as the difference
between the actual value of U at ¢ and the transported value via @. More precisely the definition
of the Lie derivative of ¥ with respect to 4 is as follows (see Fig. A.1). We first define the image
®.(p) of the point p by the transport by an infinitesimal “distance” e along the field lines of 4
as ®.(p) = ¢, where ¢ is the point close to p such that pg = @ (p). Besides, if we multiply the
vector U(p) by some infinitesimal parameter A, it becomes an infinitesimal vector at p. Then
there exists a unique point p’ close to p such that A\&(p) = pp’. We may transport the point p’

1For the specific kind of tensor fields constituted by antisymmetric multilinear forms, there exists a third type
of derivative, which does not require any extra structure on .#: the exterior derivative (see the classical textbooks
[82, 104, 98] or Ref. [45] for an introduction).
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>

P av(p) P’ v(p)

Figure A.1: Geometrical construction of the Lie derivative of a vector field: given a small pa-
rameter A\, each extremity of the arrow AU is dragged by some small parameter ¢ along 4, to
form the vector denoted by ®.(Av). The latter is then compared with the actual value of AU at
the point ¢, the difference (divided by Ae) defining the Lie derivative Lz .

to a point ¢’ along the field lines of @ by the same “distance” ¢ as that used to transport p to ¢:
¢ = ®.(p) (see Fig. A.1). g¢ is then an infinitesimal vector at ¢ and we define the transport by
the distance e of the vector ¥(p) along the field lines of 4 according to

©.(5() = y i (A1)

O, (U(p)) is vector in (.4 ). We may then subtract it from the actual value of the field v at ¢
and define the Lie derivative of U along u by

L4 0= lim — [d(q) — P((p))] - (A.2)

If we consider a coordinate system (z®) adapted to the field ¢ in the sense that @ = dy where
Oy is the first vector of the natural basis associated with the coordinates (%) (cf. § 1.1.1), then
the Lie derivative is simply given by the partial derivative of the vector components with respect
to x0:

ov®

N
(Lgv)" = 220 (A.3)
In an arbitrary coordinate system, this formula is generalized to
ov® ou®
BT B Y il
Lgv* =u oo~ Bgn I (A.4)

where use has been made of the standard notation Lz v® := (L5 ¥)®. The above relation shows
that the Lie derivative of a vector with respect to another one is nothing but the commutator of
these two vectors:

Lgv=|u,d]| (A.5)
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A.2 Generalization to any tensor field

The Lie derivative is extended to any tensor field by (i) demanding that for a scalar field f,
Lg [ =df(@) and (ii) using the Leibniz rule. As a result, the Lie derivative Lz T of a tensor

field T of type (;f) is a tensor field of the same type, the components of which with respect to

a given coordinate system (z®) are

k i . ¢
0 al...cji...a oui ou’
g pioa e 7™ NV s o153 RRR e o k Ql...0
LaT Br.py =Y aqu Br...Be ZT Br-Be Hpo ZT Pr-2eBe §uBi”
i=1 i=1 ~

(A.6)

In particular, for a 1-form,

Ow out
£ﬁ Wqo = u“a—xz —+ wuﬁ (A?)
and, for a bilinear form,
0T g out out

Eﬁ Taﬁ =ut D + Tﬂﬁﬁ + Tau@- (A8)

Notice that, thanks to the symmetry properties of the Christoffel symbols defined by (1.19), the
partial derivatives the above equations can be replaced by the covariant derivatives V associated
with the metric g, yielding

i
1

k 4
Iy alSF Rpe’ ) at... _ aq...0...0 «; at...x o
LaT kﬁl--ﬂz =u'V, T kﬁl--ﬂz ZT Bi-.-Be Vou™ + ZT kﬁl--'?"'ﬁz Vpu”.
i=1 i=1 t
(A.9)
Liwa = UV wa +w, Vaut, (A.10)

,Cﬁ Taﬁ = u“v“Taﬁ + Tuﬁvau“ + TQHVBUH. (A.ll)
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Appendix B

Lorene /nrotstar code

The nrotstar code is a free software based on the C++ LORENE library [112]. It comes along
when downloading LORENE, in the directory Lorene/Codes/Nrotstar. It is a descendant of
rotstar, a previous LORENE code described in [19] and used in many astrophysical studies (see
e.g. [56], [108] and references therein).

nrotstar solves the Einstein equations (3.14)-(3.17) via the self-consistent-field method ex-
posed in § 3.5.1. For this purpose it uses a multi-domain spectral method developed in [21]| and
[52] (see [53] for a review about spectral methods). At least three domains are employed (cf.
Fig. B.1):

e a nucleus, covering the interior of the star;
e a intermediate shell, covering the strong field region outside the star;
e an external compactified domain, extending to r = 4o0.

But more intermediate shells can be used, either inside the star or outside it. For instance, the
nucleus can be dedicated to the fluid interior and a the first shell to the solid crust [110], or two
domains inside the star can be used to describe a phase transition [111].

Not finished yet ! (to be continued...)
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external compactified

) ; domain
intermediate shell

1

r=Ry(&.0)
—1<&«l

Figure B.1: Domains used in the nrotstar code.
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