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Abstract. We show that the angular directions locally measured by a static geodesic observer
in a generic cosmological background and expressed in the system of Fermi Normal Coordi-
nates always coincide with those expressed in the Geodesic-Light-Cone (GLC) gauge, up to
a local transformation which exploits the residual gauge freedom of the GLC coordinates.
This is not the case for other gauges — like, for instance, the synchronous and longitudinal
gauge — commonly used in the context of observational cosmology. We also make an explicit
proposal for the GLC gauge-fixing condition that ensures a full identification of its angles
with the observational ones.
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1 Introduction

One of the most important problems, when comparing theory with observational results, is to
correctly identify the observed quantities with the mathematical variables used to formulate
the theoretical predictions. In this paper we discuss this problem for the case of the angular
variables appearing in all models concerning — for instance — a precise description of light
propagation in perturbed cosmological backgrounds.

We shall assume, as usual, that the angles directly related to local observations are
those measured by a free-falling observer, and we will identify such angles with those of
the so-called system of Fermi Normal Coordinates (FNC) [1, 2]. In that system, indeed, the
spacetime metric is locally flat around all points of a given worldline, with corrections starting
at quadratic order in the distance from the wordline and weighted by the components of the
Riemann tensor (see e.g. [3] for a recent discussion).

Choosing in particular the worldline of a static geodesic observer, at rest in the so-called
comoving frame, as the typical representation of a reference cosmic observer!, we will show
that the angular directions of the corresponding FNC system can always be made to coincide
with those of the so-called Geodesic-Light-Cone (GLC) gauge [4], modulo a redefinition that
exploits the residual gauge freedom of the GLC coordinates. Such an identification of the
angular coordinates with those of the FNC system turns out to be impossible in general in
other gauges, like (for instance) the synchronous gauge.

The above results will be discussed for a general class of (inhomogeneous, anisotropic)
cosmological backgrounds, and then illustrated for the particular example of a Bianchi-I
type geometry. Such results are new to the best of our knowledge, and provide, in our
opinion, additional (important) motivations supporting the use of GLC coordinates for the
computation of the relevant cosmological observables. We may recall, in particular, that
both the red-shift [4] and the Jacobi map [5] (hence, luminosity and angular distance) take
a particularly simple form in these coordinates.

In Sec. 2 we show that FNC and synchronous-gauge angles cannot be made to coincide
for a generic metric, and illustrate this result in the case of a Bianchi I (anisotropic) geometry.

!This is not an absolute necessity but can be seen as the most useful convention to be used in order to
compare calculations made in different coordinate systems. These should agree if one computes the same
physical observable as measured by the same physical observer. One of us (GV) would like to thank Misao
Sasaki for a discussion on this issue.



In Sec. 3 we compare angles in the FNC and GLC gauge to lowest order in the distance from
the observer’s geodetic and show that, unlike in the previous case, the identification is always
possible by exploiting the residual gauge freedom of the GLC coordinates. The connection
is explicitly worked out in the case of a Bianchi-I metric. In Sec. 4 we summarize our main
results, and propose a necessary and sufficient criterion for defining, within the GLC metric,
a full observational gauge in which both time and angles agree with those of the FNC system.
Finally, in the Appendix we show how the considerations of Sec. 3 can be extended to next
order in the distance from the observer’s geodesic, while remaining all the time in the GLC
gauge.

2 Angular directions in the Fermi and synchronous gauge

Let us consider the class of cosmological geometries which can be described, in the syn-
chronous gauge (SG) and in Cartesian coordinates z# = (t,z'), by six arbitrary degrees of
freedom parametrized by the metric

Let us consider a static geodesic observer located at the origin ! = 0, with four-velocity
u® = (1,0), and let us call 2’ = (¢,2/4) the FNC system centered around the worldline
of such a free-falling observer (for convenience, we will denote with capital Latin indices,
A, B = 1,2,3, the spatial components of the Fermi coordinates).

In the FNC system the metric is flat, up to corrections which are of second order in the
spatial distance from the central geodesic [1-3]. Choosing the 2'* coordinates in such a way

that the geodesic is located at 2’4 = 0, we can expand the FNC metric as
Gop(@') = Nap + fanrpp(t)a' 2’ + . (2.2)

where 7,4 is the Minkowski metric. The coefficients f, 435 depend on the second derivatives
of the metric, and are related to the components of the Riemann tensor in Fermi coordinates,
'wap(@'), evaluated at 2’4 =0 [1-3], by?:

2 1
foaos = (Roaon) yag 3 Joacs = 3 (RoacB) ya_y 5 foaps = 3 (ReaDB) pra_g- (2:3)

The corresponding coordinate transformation z# — 2'*, connecting the synchronous and
FNC system, can then be expanded around the geodesic as follows:

t' = a(t) + Br(t)a® +ya(t)aa’ + - 24 = oty (t)2h + g )t L (2.4)

In the same limit (27, 2’4 — 0) it is also convenient to expand the spatial part of the general
synchronous metric (2.1), up to second order, as

Gij (t, ac) = Aij (t) + Bijk(t)xk + Cijkl(t)mkxl + -, (2.5)

The time-dependent coefficients appearing in the transformation equation (2.4) can now
be determined starting with the given metric (2.1) and applying the covariant transformation
rules of the metric tensor, written in the form

Az’ dx'P
9uu(33) = W@Qéyﬂ(x/)- (2.6)

*We are using the metric and curvature conventions of [2].



For additional checks we can also conveniently use the transformation of the Christoffel
connection, given in general by:

ox'* 928 _, ox'P 0%a'P
P / _ 7 A o
Ok dgv P (z') oxr M () OxHox?’

Expanding around the geodesic we can indeed exploit the properties of the FNC system,
which imposes I', ;#(z') = 0 at 2’4 = 0.

(2.7)

Let us first consider the component (0,0) of Eq. (2.6). By imposing that the metric
transformation rule is satisfied up to the zeroth order and to the first order in = we obtain,
respectively, the conditions:

a? =1, Br =0 (2.8)

(a dot denotes a derivative with respect to ¢). Similarly, from the (0, ¢) components evaluated
up to the zeroth and to the first order in z, we get, respectively:

ﬂk == 0, 2’%’]’ == 6AB dAiaBj. (29)

Let us finally consider the (i, j) components of Eq. (2.6), using the above result for S.
The zeroth order in x gives the condition

Aij:(SABOéAiOéBj. (2.10)

This latter equation tells us that the a*; can be thought of as “triads” (the analog in three
dimensions of the tetrads) for the zero-order metric A;;. Assuming the latter to be non-
degenerate, Eq. (2.10) fixes the coefficient o ; modulo a (possibly time-dependent) rotation
of the form

OéAi—)aAi:CABCMBi, (211)
where the matrix C4 g satisfies the orthogonality condition

oA CAcCP p=dcp (2.12)

(namely, CTC = I). In addition, the (i, ;) components of Eq. (2.6), to the first order in x,
give the condition

Bijm = 0ap (a; B8 jm + o B8 i) . (2.13)

From Eq. (2.8) we easily obtain a(t) = ¢, modulo a sign and an unimportant additive
constant. The time derivative of Eq. (2.10), combined with (2.9), gives A;; = 4v;;. We can
thus rewrite the coordinate transformation (2.4) in more explicit form as follows,

1.
{=t+ cAuata - # = oty (O)2k + fA )t -, (214)

where o ;. satisfies Eq. (2.10), and where B4 is fixed in terms of o , and of the first-order
metric coefficient B, according to the following solution of Eq. (2.13):

1
BA i = iaAk(Bkjm + Bimj — Bjmk), otk = o4, ATk A" Ay, =0T (2.15)

The above results are enough for the purpose of this paper, aiming at comparing the an-
gular directions, locally defined in the FNC system around the wordline of the static geodesic



observer, with the corresponding local directions defined in a different system of coordinates
(the synchronous one, for the particular case at hand). The problem can be formulated as
follows: given the definition of radial coordinate and angles around the observer’s geodesic
in the FNC system, such that

2 = '(sin @’ cos ¢/, sin 0’ sin ¢, cos ') | (2.16)
can we define a suitable coordinate transformation within the SG such that its angular
variables can be identified with those of Eq. (2.16)?

We claim that, in general, this is not possible. The crucial point here is that, because of

Eq. (2.10), the relation between FNC and SG coordinates depends explicitly on time if A;;

does, and therefore the would be coordinate transformation (which, in order to preserve the

SG, should be a spatial diffeomorphism, see e.g. [6]) cannot define SG angles that coincide

with those of the FNC system at all times. Indeed, this spatial diffeomorphism should have
the form:

' =1'(r,0,0), (2.17)

and the only possibility to identify # and ¢ with 6’ and ¢’ at all times seems to be the one
offered by a FLRW homogeneous and isotropic metric, since in that case we can attribute
all the time dependence in (2.14) to the relation between r’ and r, while keeping the angles
identified at all times. In order to check this, we can simply use the standard definition of
polar coordinates:

z' = r(sin @ cos ¢, sin A sin ¢, cos ) , (2.18)

and bring the FLRW metric to its well known SG form:

ds* = —dt* + a(t)? < + 7“2d92> . (2.19)

1 — kr?
Note that the spatial curvature parameter (k = 0,+1) can be safely neglected around the
r = 0 geodesic. One can then check that the above SG metric goes into the FNC metric (up
to O(r"?) corrections) with the identifications

1
' =a(t)r ; =0 ; o =¢ ; t=t+ 5&(17“2 , (2.20)

where the last relation between ¢ and ¢’ is nothing but the transformation of the time coor-
dinates given by Eqs. (2.14).

Note that we are not invoking a transformation involving r as in (2.20), which would
take us out of the SG: the needed residual gauge transformation is just (2.18).

It is relatively easy to see that such a procedure already fails to work in the (slightly
more general) case of an anisotropic Bianchi I-type cosmology, described in the synchronous
gauge by the metric g;; = A;; = a?(t)d;; (no sum over 7). In such a case the general solution
of Eq. (2.10) gives o j(t) = C4;a;(t) (no sum over j), where C*; are time-dependent
coefficients satisfying Eq. (2.12), and the coordinate transformation (2.14) becomes

g4 = Z CA 4 (apz®) + - - (2.21)
k

It is obvious that, unlike in the previous case, it is not possible now to introduce SG angular
variables such that the r.h.s. of (2.21) takes the standard form (2.18) up to a suitable



definition of (a possibly time-dependent) r. The same considerations also apply to the so-
called longitudinal gauge of cosmological perturbation theory?.

Of course, at a given time, we can always perform a spatial reparametrization of the
synchronous coordinates, #° — #'(x) which can make the angles coincide, but only at that
chosen moment. Let us finally notice that the two sets of angles can also be made to coincide —
but, again, only at a given time — when a homogeneous and isotropic geometry is generalized
by including scalar and tensor metric perturbations, to linear order, in the synchronous
gauge. In that case, we can always make the linear inhomogeneities vanish at a given time,
by exploiting the residual gauge freedom of the synchronous coordinates [5]. This is also in
agreement with the results recently presented in [7].

3 Angular directions in the Fermi and GLC gauge

Let us now consider the class of cosmological geometries that can be described in terms of
the GLC coordinates y* = (7,w,0%), with a = 1,2, by a metric of the form

ngTLC =0, gTGuI;C =T, gSaLC =0, (31)
QS@LUC =T+ ’YabUana gggc = —U,, g((l}bLC = Yabs

where U? = 72Uy, and 7%y, = 67 (see e.g [4]). It is important to note that a geodesic
observer of this metric, with four-velocity u, = —d},, exactly corresponds to a static geodesic
observer of the synchronous gauge [8] (specified, in our case, by the equation z/4 = 2% = 0.)

For the purpose of this paper it will be important to work in the so-called “temporal
gauge” of the GLC coordinates [9], where the past light-cones of a geodesic observer (i.e. the
null hypersurfaces w = const) are labelled by the reception time 7 = 7, of the associated
light signals. It follows that, in such a gauge, we can set 7 = w along the observer’s geodesic,
and we can expand the distance from it in power series of (w — 7). It can be shown [9], also,
that the GLC metric can always be normalized in such a way that —(gry)w=r = Tw=r = 1
along the geodesic worldline.

We thus expand the transformation from the GLC to the Fermi coordinates, y* —
x'*(y), around the static geodesic and in the temporal gauge, as follows :

t' =74+ M (w,0)(w—71)*+-,
e = N (w, 0)(w — 1)+ L N w0, B)(w — ) 4 -+ (3.2)

where the positive quantity (w — 7) grows as one moves towards the past on a given light
cone. The absence of the first-order term in the ¢ transformation is consistent with the
fact that the time 7 coincides with the time coordinate ¢ of the synchronous gauge [8], and
that — as shown in Sect. 2 — the Fermi time ¢’ differs from ¢ only at quadratic order in the
distance from the geodesics. It also follows directly from imposing, on the geodesic, the GLC
condition gGL¢ = 12 + U2,

By also expanding in the limit 7 — w the components of the GLC metric (3.1) we now
apply the covariant transformation rules of the metric tensor, which reads

GLC(y) (9:E/O‘ 6$/’8 ’

_ /
pv 8y# ayy gaﬁ(gj )? (33)

31t is easy to show, for instance, that the longitudinal-gauge angles of a perturbed FLRW metric with
tensor and scalar perturbations cannot be made to coincide at all times with the FNC angles, without going
out of that gauge.



GLC
T

where g, 5(2) is the FNC metric (2.2). By imposing g
then obtain the condition

= 0, according to Eq. (3.1), we

SapNGINE =1 (3.4)
to the zeroth order in (w — 7), and the condition
dAN{NE = —2My (3.5)
to the first order in (w—7). By considering the transformation of g&-¢ = —, and expanding
T as
oY
T=14+Y1(w,0)(w—71)+---, Ti=—(—=— , (3.6)
or T=w

we find that the transformation rule is identically satisfied along the geodesics, while, to first
order in (w — 7), it gives the condition

2M; = —T1. (3.7)

It is convenient, at this point, to choose our coordinate transformation (3.2) in such
a way that the two vectors Ng' and N{* are proportional, i.e. N{' = K(w,0)Ng'. By
inserting this ansatz into Eq. (3.5), and using Eqgs. (3.4), (3.7), we can immediately fix the
proportionality coefficient to obtain

N =T N (3.8)

As a consequence of this result (and of Eqs. (3.4), (3.7)), it can be easily checked that the
transformation rule (3.3) automatically satisfies the condition g&*© = 0 not only along the
geodesics, but also to first and second order in the (w — 7) expansion.

Let us now apply the transformation (3.3) to ¢SLC and ggbLC. By expanding those

metric components along the geodesic, and using the previous results for Né“, Nf‘, M, one
finds that both U, and 4 are vanishing to the zeroth and first order in the (w—7) expansion.
To second order they are non-vanishing, and can be expressed in term of the parameters N64
as follows:

1
U, =— (2aaT1 +d4B ang‘aaN(F> (w—7)%+---, (3.9)
Yap = 048 Oa NS OWNE (w —1)2 + -, (3.10)

where 0, = 0/0w and 9, = 9/00°. Finally, for gSLC, using Eqs. (3.4) and (3.8) we simply
find:
gSLC — 5 A NENE + 204 N{ANB(w — 1)+ - =142T1(w —7) + - - (3.11)
which agrees, to this order, with the GLC condition gS&JC =12 4 4, UUL.
Let us now show that, with an appropriate coordinate transformation allowed by the
residual freedom of the GLC gauge [5, 9, 10], we can always choose the parameters N64 in
such a way that the angular coordinates of the GLC frame coincide, at all times, with those

determined by the angular directions measured by the Fermi geodesic observer as defined in
Eq. (2.16).

4Even if not explicitly assumed, the proportionality of N§' and Ni* can be derived by combining the
previous results with the transformations of the controvariant components of the GLC metric tensor.



In order to prove this assertion consider a (residual) gauge-fixing transformation y* —
y*(y) for the GLC coordinates of the particular form

F=r, o =w, 0 = 6%(w, 0), (3.12)

which still keeps us in the temporal gauge. Let us choose, in particular, the following trans-
formation:

6" — 6" (w, #) = arccos {NG}.
6% — 6%(w, §) = arcsin {Ng 11— (Ng)Q]_l/Q} ) (3.13)

where, we recall, (N$)? + (NZ)? + (N3)? = 1 according to Eq. (3.4). By defining ' = 0 and
6? = ¢ one immediately obtains that, after such a gauge fixing, the relation (3.2) takes the
explicit leading order form

24 = NS O)(w —7) + - -+ = (sinf cos ¢, sin O sin ¢, cos ) (w — 7) + -+ - , (3.14)

which, compared with (2.16), brings to the identifications r’ = (w — 1), 6/ = 6, ¢/ = 6.

We can also check, for consistency, the behavior of the GLC metric around the geodesic
in terms of the new coordinates y* defined by Eqgs. (3.12) and (3.13)(see [10] for the derivation
of the whole set of gauge transformations). We then find that the component gGLe =-7T
keeps unchanged under the given gauge transformation, so that T =71 =1+ T (w,0)(w —
7)+---. The metric components 3, on the contrary, are rescaled under the gauge fixing as

follows d
- ~ 06° 00
Yab = Yab(w, ) = Yea(w, 0) 85‘1 ﬁ
Hence, using Egs. (3.10) and (3.13) we obtain (to leading order) the canonical form of the
line-element on the two-sphere,

(3.15)

ﬁw@jszgO§m?®(w—7f+~~, (3.16)

consistently with the choice of the FNC frame as the appropriate “observational gauge”
[5, 9, 10]. Finally, by applying our gauge-fixing transformation to the metric component

gSLC we have

Uy — Uq(w,0) = U, (3.17)
By using the expansions (3.9), (3.10) for U and +, and recalling that w = w, ON§/0w = 0,
we obtain, to leading order:

o 1
Ua(wa 0) = _2({;;:;

This completes the form of the GLC metric, expanded around the geodesic, and gauge-fixed
in such a way that its angular variables 8¢ coincide with those of the FNC system. In this
sense, ours can be seen as a concrete realization of the observational gauge® whose existence
was discussed in [9].

(w—7)2 4. (3.18)

Note that the behavior of U, and F,p in (3.16), (3.18) implies that the controvariant vector U® does not
vanish along the geodesic. This is in agreement with the fact that setting U = 0 on the geodesic corresponds
to a different residual gauge fixing, the photocomoving gauge [9], in which the angular coordinates do not
coincide, in general, with the FNC ones.



In order to illustrate the above results with a simple explicit example we may consider
again the case of a Bianchi I-type geometry, described in the synchronous gauge by the metric
9i = a7 (t)di5.

Let us first recall that the explicit transformation from the GLC to the synchronous
coordinates, y* — x*(y), for such a geometry has already been derived [9], in the exact form
and in the observational gauge, as follows:

t=r,

N o 2 ~1/2
2t = 2 (1, w,0) = a;(w)N(0) / dr’ [Z ’5 171), ] (3.19)
z k k:

T

(no sum over i). The unit vector N?(), which specifies the propagation direction of a light
signal received at the origin by a static geodesic observer, takes exactly the same form as NOA
as a function of 4 in Eq. (3.14) (and obviously satisfies 6;; N°N7 = 1). By computing the
corresponding metric components in the GLC frame [9], and expanding the result around
the geodesic, we can then recover the leading terms in the typical form (3.6), (3.16), (3.18)
of the observational gauge, with

— > " NEO) Hy(w), (3.20)
k

where Hy = a/ag.

Let us now recall that the transformation from the synchronous to the FNC system
is described by Eq. (2.14) where, for a Bianchi I-type geometry, we have Ay = 2a%Hk6kl,
B4 =0 and a?) = (5,‘€4ak (no sum over k). Note that the rotational degrees of freedom,
possibly associated with the matrix C4 g of Eq. (2.11), have already been fixed, in our
case, by the choice of the observational gauge when expressing the Bianchi metric in GLC
coordinates (according to Eq. (3.19)).

By expanding the transformation (3.19) and the scale factor ay(t) around the geodesic,
and inserting the results into Eq. (2.14), we can then reconstruct the transformation con-
necting the GLC and FNC metric representations of our Bianchi geometry. To leading order
we find

V= T+%ZN£(§)Hk(w) (w72t
k
A_ NAG) (w— 1) + %NA(ém(w, B (w—1)2+ (3.21)

which exactly reproduces the transformation (3.2) with the following gauge-fixed coefficients:
Ng' = NA4(), N{* = N4y, My = —Y1/2, and with T specified by Eq. (3.20). The
(leading order) relation between the angular directions thus reduces to n’4 = N4, and the
time dependence of the Bianchi metric fully disappears from this relation, Hence, unlike
the angular directions defined by the synchronous system of coordinates, those of the GLC
system can be safely identified with the angles measured by a static geodesic observer, and
not only for an isotropic geometry (as in the case of the synchronous gauge).

This implies, in particular, that the GLC coordinates can be conveniently used to com-
pute observable dynamical effects like — for instance — the redshift drift effect (see e.g. the



detailed analysis presented in [4]), while the same computations performed in the synchronous
gauge cannot be directly compared with the observational data.

Our consistency checks can be extended to higher orders in the distance from the
geodesic. This exercise is carried out in detail, up to quadratic level, in the Appendix.

4 Summary and a claim

A simple way to summarize the results of this paper is that it completes the constructive
approach [9] to defining GLC coordinates by essentially completely gauge fixing them.

The residual gauge freedom w — w(w) can be fixed by requiring w along a given past
light cone to coincide with the proper time 7 of the observer at the tip of the cone. This is
the temporal gauge discussed in [9]. Here we have shown that, thanks to the other residual
gauge freedom [5, 10], 8¢ — 0%(w, @), it is also possible to define the GLC angles along the
observer’s geodesic to be those of the Fermi coordinates along that same geodesic. The global
definition of the GLC angles then simply consists in saying that they are constant (modulo
the occurrence of caustics? See e.g. [11]) along the null rays lying on each light cone.

We would like now to the address the question (see [10]) of whether one can already
identify the observational (Fermi) angles by just working inside the GLC system, i.e. without
constructing, case by case, the corresponding Fermi coordinates. In this connection we may
note that Eq. (3.18) (omitting the tilde for simplicity of notation), rewritten as

0, U, = 0, + O((w — 7)2), (4.1)

namely

Up = — /w 0T (' w, 0%)dr + O((w — 7)2), (4.2)

should provide, within the GLC, the necessary and sufficient condition for the above-mentioned
identification of the angular variablesS.

In order to assess the validity of this claim we observe that, assuming Eq. (4.2), a
straightforward calculation allows us to rewrite the GLC metric, around the geodesic and in
terms of a new time parameter 7, in the particularly simple form:

ds? = —2dwd7 + dw® + yd0°d6° + O((w — 7)?)dw?,
T=w— / (', w,0%)dr", (4.3)

where we recognize in 7 just the expression of the Fermi time ¢’ as given by Eqgs. (3.2), (3.6)
and (3.7), up to higher order curvature corrections.

Recalling now that, in an infinitesimal neighborhood of the geodesic (in practice at
distances much smaller than the curvature radius of the geometry), the metric is flat, we
conclude that 74, as a function of 7, w, 8%, must be equivalent (up to diffeomorphisms) to
the metric of a sphere of radius ' = (w — 7) ~ (w — 7), i.e.

Yab = &ab(u% Qa)(w - 7-)2 + O((’UJ - 7—)3) ) (44)

SNote that Eq. (4.2) already implies that 9,Us = —8,T 4+ O((w — 7)?). Tt therefore corresponds to just
two conditions, to be fulfilled via a residual gauge transformation in the GLC coordinates.




with 44 the metric of the unit sphere, possibly written in some complicated w-dependent
angular coordinates. But then, transforming it back to the standard form (3.16), would
induce a shift in U,, thus contradicting (4.2). Since we have shown that (4.2) and (3.16)
can and should be simultaneously satisfied, we conclude that 7,, must already take the
form (3.16) modulo a global (i.e. w-independent) angular reparametrization. We thus claim
that Eq. (4.2) does indeed characterize the observational gauge within the GLC coordinate
System.
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A Second-order metric transformation and further consistency checks

In this Appendix we shall apply the transformation (3.3) up to the second order in the
distance from the geodesic, on all components of the GLC metric, extending in this way the
leading-order results already obtained in Sect. 3. As expected from Eqs. (2.2), (2.3), it will
be shown that the Riemann corrections must be included into the second-order computations,
and play a crucial role for the consistency of the transformation between the GLC and FNC
system and the related identification of their angular variables.

Let us start with the appropriate higher-order generalization of the coordinate trans-
formation (3.2), which we write in the form

t' =71+ Mi(w— 7')2 + My(w, 0) (w — 7')3,

1 1

= NG (w =)+ 5 N (w = 7)% o+ o N3 (w, 0) (w — 7, (A1)
where the functions M; and Nf‘ are those already determined in Sect. 3. Also, let us first
consider the case of the observational gauge, with N§' = Ng'(0) = (sin 6 cos ¢, sin § sin ¢, cos 6)
(for the sake of simplicity, we shall omit the tilde on the angular variables). Finally, let us
denote with f,s the second-order contributions to the transformation (3.3) arising from the
curvature corrections intrinsic to the Fermi metric, and define fop3 = foap BNé“NéB . One
then obtains, from Eq. (2.3),

A A A

Joo = (R6A03N0 Nég) (R6ACBN0 ng) (R/CADBNO ng)

foc = fep =

w=T "
(A.2)

By applying Eq. (A.1) to the metric transformation (3.3), and using the symmetry
properties of the Riemann tensor (in particular, R, .3 = R[W][aﬁl)’ we then find that the

w=r"’ w=r"’

[SSRN N
W =
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condition g = 0 implies that the higher-order coefficients Mo, N{‘ must be related by

6Ms = — (foo + 54NG'NT) . (A.3)
Similarly, by expanding to second order Y as
T =1+7Ti(w,0)(w—7)+ Ta(w,)(w—7)*+--- (A.4)
the computation of gGLC leads to the condition

Ty = 3Ms + 64N NE. (A.5)

Let us then compute the component gS{;C, up to second order, in the observational gauge.

We obtain

gww

GLC _ 1 4o (w— 1) + (5ABN64N2B + 0, Y1) (w — 24 (A.6)

A generic GLC metric, on the other hand, must satisfy the condition ggﬁc = T2 + 42U, U,

(see Eq. (3.1)). By using the form (3.16), (3.18) of the metric components in the observational
gauge we can expand U? up to second order as

1
U2 =40l = 96" 0a D10 1 (w = 7)° + - (A7)

where 73” is simply the inverse of the diagonal metric coeflicient 721) = diag(1,sin? ) appear-
ing in Eq. (3.16). Hence, by using for T the expansion (A.4), and comparing with the result
(A.6), we find that the condition gGLC = T2 + U? is satisfied up to second order provided
that

1
T2 + 275 + ﬂgbaanabrl = 6ApN{'NE +0,7;. (A.8)

Using Eq. (A.5) for 64N NP and eliminating M, through Eq. (A.3) the above condition
reduces to 1
foo = Y3 + Zygbaarlabrl — 0 Y1 (A.9)

In order to check the internal consistency of such condition let us now compute the
curvature contributions foo for a geometry described by a generic GLC metric (3.1). Let us
start with the definition (A.2) of foo, and express the Riemann tensor R}, 5(z') in terms of
the corresponding GLC components, R,,,.3(y), through the coordinate transformation (A.1).

We obtain, on the geodesic,

foo = (RoaosNg'NE),_ = (R““’Byﬁat/ﬁux’Aagtlaya:'B> NoaNog, (A.10)

wW=T

so that, by applying the transformation (A.1) and the normalization (3.4),

foo = (RT7) ., (8, = 67) (07 = 62) = (B™™),_, = (479" Rapin)

= (Rurur + 2RurarU + RarysUU®) (A.11)

w=T

An explicit computation for the metric (3.1) then shows that the last two terms — on the
geodesic and in the observational gauge — are identically vanishing, while the first term gives,
as the only nonzero contribution,

fOO = (R’LUTwT)w:T = (gTaRwTw a)w:T = (_TRw‘rw w)w:T = (Taﬂ'rww w)w:T’ (A12)
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where 5 0.1
T 10U

Fwww:87T+wT+§ T,r
(see e.g. [12] for an explicit computation of the Christoffel connection for the GLC metric).

We thus obtain the curvature contribution

(A.13)

1
foo = (YO T ™) ey = Y5 + Zygbaarlabn — 0y Y1, (A.14)
and comparing the above result with eq. (A.9) we may conclude that the condition gg{;c =
Y24+ U? is always satisfied up to second order, in the observational gauge, for any given GLC
metric.

The same consistency check can be performed even outside the observational gauge,
considering a generic parametrization with N§' = N64 (w, @). In that case, in the computation
of gSLC we obtain additional second-order contributions from the more general form of U®
(see Eq. (3.10)), but there are also new metric contributions to the Christoffel connection
and to the components of the Riemann tensor. It can be checked that, when both types of
contributions are correctly included, they exactly cancel each other, and the condition ggfj}c =

Y2 + U? keeps to be satisfied, to the second order around the geodesic, quite independently
of the gauge fixing prescription.

Let us conclude this Appendix with the explicit example of the Bianchi I-type geometry,
which can be expressed in GLC coordinates and in the observational gauge, as discussed in
[9], with N§' = §2AN?(#) and with Y (w,6) given by Eq. (3.20) (see also Sect. 3).

To check the validity of Eq. (A.9) for such a geometry let us start with the curvature
contribution fyo, and let us express the Fermi components of the Riemann tensor, Riw af ('),
in terms of its synchronous-gauge components, related to the Fermi ones by the coordinate
transformation (2.14). As discussed in Sects. 2, 3, the coefficients o' appearing in Eq. (2.14)
for the Bianchi I geometry are given by ail = dilay(t) (no sum over k). It follows that, on
the geodesic, o' /Ot = 1, 92’4 /0x' = 5 a;, and we obtain

- N N\ [ NF¥
Joo = (RBAOBN({lNOB)I/A:O = 534% ! 6gaklN64N(?R0i0k = Z (a> (%) Roior, (A.15)
ik v

where Ry;or are the components Riemann tensor for the Bianchi geometry computed in
synchronous coordinates, i.e.

Roior = binap (Hk + H;f) : (A.16)
The curvature contribution to Eq. (A.9) takes thus the form

foo = ° NE [Hr(w) + HE(w)] (A.17)
k

Let us now compute the right-hand side of Eq. (A.9). By recalling that T is given by
Eq. (3.20) we have

—0uY1 =Y N{Hy, (A.18)
k
and
Lo, 01,1 = 6" " Nk (9aNi) N; (05N;) HiH; (A.19)
10 a1l =" k (OadVE) INj (OpdVj) Hi 5. .
k.
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On the other hand, by using the definition 72, = 9, N0, N;6 (see Eq. (3.10)), we have
Y50y N0y N; = 63 — NN, (A.20)

so that Eq. (A.19) can be rewritten as

1
Zygbaarlabrl => NpHp - (Z N,fHk> Y NiH; | =) NZH} - (A.21)
k j k

k

Inserting this result, together with Eq. (A.18), into the right-hand side of Eq. (A.9) we can
exactly reproduce the curvature contribution (A.17), and thus satisfy the required condition
for the consistency of the GLC gauge.
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