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Abstract: The lightcone gauge is a set of what are called the observational coordinates adapted to our
past lightcone. We develop this gauge by producing a perturbed spacetime metric that describes the
geometry of our past lightcone where observations are usually obtained. We connect the produced
observational metric to the perturbed Friedmann-Lemaitre-Robertson-Walker (FLRW) metric in the
standard general gauge or what is the so-called 1+3 gauge. We derive the relations between these
perturbations of spacetime in the observational coordinates and those perturbations in the standard
metric approach, as well as the dynamical equations for the perturbations in observational coordinates.
We also calculate the observables in the lightcone gauge and re-derive them in terms of Bardeen
potentials to first order. A verification is made of the observables in the perturbed lightcone gauge
with those in the standard gauge. The advantage of the method developed is that the observable
relations are simpler than in the standard formalism, and they are expressed in terms of the metric
components which in principle are measurable. We use the perturbed lightcone gauge in galaxy
surveys and the calculations of galaxy number density contrast. The significance of the new gauge
is that by considering the null-like light propagations the calculations are much simpler due to the
non-consideration of the angular deviations.

Keywords: general relativity; past lightcone gauge; direct observational approach; cosmological
observables; galaxy surveys; galaxy number count; density contrast; overdensity; cosmological perturbations
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1. Introduction

Cosmological observable quantities, henceforth simply referred to as observables, encode
information about the state of the Universe at a particular cosmological redshift. In our past lightcone,
we can obtain these observables that can give us our connection to the rest of the Universe. Hence, a
precise measure of cosmological observables can directly determine the geometry of the observable
part of the spacetime, in the so-called observational approach [1]. Furthermore, we can assume a
dynamical theory for the spacetime curvature of the past lightcone, i.e., General Relativity (GR).

The observations are taken so that we can discover what these observations imply about the
large-scale structure of the Universe. The idea was first discussed in [2], and Refs. [3-6] discussed
the construction of the spacetime metric and ways to determine local matter density in the Universe
directly from astronomical observations on our past lightcone as initial data for the field equations,
and later to establish what is called now the lightcone gauge based on an observational coordinates
set. The main aim was to a great extent that cosmology rather be a directly observational subject [3].
Therefore, they bring cosmologically interpretable astronomical observations into a confrontation with
the cosmological theories, in order to reveal the structure of distant regions in the Universe.

The rest of this paper is organised as follows: in Sections 2 and 3, we give a brief overview of
the observational coordinates and the metric adapted to our past lightcone, where we needed to
construct our perturbed lightcone gauge (PLG) in Section 4, by showing the relations between the
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perturbations of spacetime in observational coordinates and those perturbations in the standard metric
approach. Section 5 is dedicated to the study of the observables of spacetime in the PLG and verified
with those obtained in the standard perturbed gauge. In Section 6, we calculate the galaxy number
density contrast using the PLG and we show verification with the standard gauge as well. Finally, in
Section 7, we discuss the results and give our conclusions.

2. Observational Coordinates

A spacetime consists of a manifold M with a metric g. We shall assume the spacetime filled with
a perfect fluid of the form

Ty = puytty + p(guv + uytty), uluy, = -1, 1)

where T, is the stress energy tensor and u* the average 4-velocity. The first step in constructing a set
of observational coordinates is to identify fundamental observers. The integral curves of the velocity
vector u# and their normalised 4-velocity, represent the worldlines of these fundamental observers, i.e.,
they are comoving with the galaxies. If T is the proper time along these worldlines, then

dxH
== (2)

Let us now single out our worldline C, where C is a set of timelike geodesics generated by u* at
the event attached to us, on Earth.

ut

event q = event worldline

past null cone: C'(q)

N

null geodesic: (8, ¢ constant)

Vien

observed event

Figure 1. Observational coordinates {w,y,8,$} based on the event g on the worldline C. w is the
time of observation; 8, cf) represent the direction of observation; and y is a measure of distance to the
object observed.

We will introduce the set of observational coordinates x* =: {w,y, 0, (f)}, constructed as follows,
see Figure 1: the coordinate w is the past lightcones of the events on C, generated along our worldline.
It can be normalized by measuring the proper time along the central worldline C (in other words,
w|c = T|c). By choosing w = wy (arbitrary) to correspond to the event g here and now, the null cone
generated then will represent the surfaces of events that happened on our past lightcone at constant
wp. Then, generically, g4 will be at the vertices of the lightcones where we receive information and
signals from the Universe. Then, w is completely determined when wy has been chosen. The null
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geodesic vector field k* and v the affine parameter along them, generating the ruling geodesics of these
lightcones, will be written as
k=o09/dv=Kk!'=dx!"/dv, (3)

where
ky =ow/oxt =w, = k'k, =0. 4)

This definition necessarily implies that k is hypersurface-orthogonal [7],
kyVy =k, V. ©)

Null geodesic vector fields are orthogonal to the null surfaces and generate the past-directed null
geodesics along the past lightcone, on which w is constant:

KV, =0 = w,kH = 0. ®)

Once the null geodesic vector condition is satisfied at the central worldline, one will find the same
affine parameter in different directions, which is implying

kyut = w u' < kut|c =1, (7)

and this shows that the affine parameter v is uniquely defined geometrically on the null geodesics,

and this defines the central condition. If we specify that v = 0 on the worldline C, so the event “g” is
given by

w=wy,v=0. 8)

The coordinate ¥ measures distances down the null geodesics, and so represents both spatial

distance from the worldline C, and time difference from “4”. There are various choices of y that might
be suitable for different purposes, for example [3]:

1.  y = v, the unique affine parameter down the null geodesics through C determined by the central
conditions on C (v|, = 0, u# ky |c = 1). The spacetime metric will be simplified, but one loses the
beautiful physical interpretation of observational coordinates;

2.y =ry, the angular distance, i.e., area distance down the null cones from C.

3. y = z, galactic redshift observed from C, imposing y = const. along matter worldlines;

4. ychosen as in one of the points 1-3 on the initial null cone w = wy, and then specified thereafter
to be comoving with the fluid; y ,u” = 0.

When one of these specific choices has been made, y is uniquely defined on all the null cones.
We will use such a choice of coordinate y as a coordinate comoving with the fluid, and determined by
a unique specification on the initial null cone w = wy. From Equations (3) and (4), we will have [3]

0
ky =0

O, Kt=dxl/dv=(1/p)8} = (1/B) =dy/dv for B >0, )

where f is some function that determines the relation of the affine parameter v to the coordinate y.
Equation (9) shows the change of rate of the coordinate y down the null geodesics relative to the
affine parameter v. Asy — 0, B = const. when y is affine parameter; and B — 1 when we choose
y = r4. Different values of y with constant values of v represent an event at the same distance from
g down the null cone in different directions. The coordinates (8, ¢) are angles on the “physical” sky.
The observer sees the sky as the superposition of 2-spheres (wg) embedded in the lightcone, then
we can redefine 6, ¢ as spherical coordinates on the celestial sphere with respect to the (physically



Universe 2018, 4, 108 4 0f 19
non-rotating) reference frame e},l. They label the geodesics generating the past lightcone (they are
constant along such geodesics) [3]. At a constant surface w,

k0, =k'g, =0. (10)

They are based on a parallelly propagated orthonormal tetrad e, [3] along C. Then, at a constant
w and v, we have
: { ds?
lim § —-

v—0 | v?

} = d0? = d6? + sin 0dP? . (11)
w=const
v=const

These coordinates do not necessarily cover all the spacetime, but they do cover that part which is
observable from the worldline C.

3. Observational Metric

The metric components can be obtained from the previous discussions. From Equations (4) and (9),
we see that

Kk = 0= w,ughw, = g% =0, (12)
k= gk, = ¢ = (1/B)d} , (13)

and thus
g8y = 55 = govgv"y = 52 = 81y = ,353 . (14)

We can get the general expression for ¢V and compute its inverse by introducing new functions
for the non-constrained components. We thus have [3],

« B vy U3 0 1/8 0 0
B0 0 0 S V7 A o
P— pr— 1
8w vy 0 hyp hy |’ § 0 oo hz/h —hys/h |’ (15)
v3 0 hy ha3 0 o3 —hya/h hxn/h
where
h = det(hy)) = hashss — (h23)?, (16)
o= —(uc+,3(vzc72+0303))/ﬁ2 . (17)
Here, we have defined

0o = —(vohsz —v3hys)/ph, (18)
03 = — (v3hy —vohy3) /Bh, (19)

where (I,]) € {2,3}2. The metric form above implies that the surfaces w|cns:. are null surfaces.
However, it does not, as it stands, guarantee that these null surfaces are the past lightcones of the
geodesic worldline C. To set this feature, one has to impose some limits on the behaviour of the metric
tensor components near the worldline C [3]. When the coordinate y is taken to be the affine parameter
or the area distance, these essential limits are [3]:

lima=-1, limB=1, lim(o;/y*) =0, limh;dx'dx)/y*=d0*. (20)
y—0 y—0 y—0 y—0

1 These tetrad vectors ey are defined through the conditions: (u = eg,u- e; = 0,e;ej = J;j), and thus satisfy the parallel

propagation along C: Ve, |. = 0, with u the velocity of the comoving geodesic observer.
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When this coordinate y is taken to be point 4, from what we obtained above, and by making a
coordinate transformation v’ = v/ (w,y,0,$),w’ = w,d =8,¢' = ¢, asy — 0, one finds the limits are
found to be [3]

o Cn I . _ - 1.0 /22 — 21092
]1/11)1‘(1)0( 1, i%ﬁ Bo(w, x"), ill)r(l)v[ 0, ;E)réhudxdx /Y- = BodQY” . (21)

These limits we just introduced guarantee the necessary conditions to make the null hypersurfaces
to be the past lightcones of observer of the worldline C. Finally, we can say that we have observational
coordinates if and only if the metric tensor components obey Equations (15) and (20) [3].

4. Perturbed Lightcone Gauge

The metric in the above mentioned coordinates reads:
ds? = a2 (w — y) (= (1 + 6u)dw? +2(1 + oB)duwdy + 20idxdw + hyjdxld) ) (22)

where (1, ) € {2,3}* with x> = f and x> = ¢. In addition:
hip = Qg+ Hyj (23)

with Hj; representing the tensor perturbation. We consider a perturbed FLRW spacetime in an arbitrary
gauge. The coordinate system is x* = (1, x, 6, ¢). The metric in these coordinates reads:

ds? = a’gudx'dx’ = a* () {—(1 +2¢)dn* + 2B;dx'dny + (i + 2Cjf) dxidx]} , (24)

where .
Ci]' = =97+ VZ'V]'E + ViFj + Ehij . (25)

At first order, the coordinate transformation reads:

w n+x+dow,
= 5 ,
J rrey (26)
0 = 0+ 40,
¢ = ¢+
We also define the backward affine parameter along the past lightcone, A. In the background,
we have:
d 1

Since we have k = a=2(1 — 5ﬁ)(5§ , we can write that

dy dx dow = dow
— g = 4 eA 80T gy x4 299
0=k d)\+d)\+ an KT+ kX + v (28)
Therefore: .
Sw = —/ (K + k¥) dA . (29)

Similarly, using k¥ = a=2(1 — 5B), we get

5y = f/ (‘;f) A (30)



Universe 2018, 4, 108 6 of 19
Using Kl = o:
sxl = — / Klars! . (31)
The Jacobian of the coordinate transformation is given by:

1400w 1+0ydw  dgow dpow
oxtt dpdy  1+0x0y  dpdy 9g0Y

oxV 9,60 0,00 140900 9400 ’ (32)

0,6 050 096 1+ 0péd

and we can write the inverse as

ox* B shsl A sln sy sh #el

Fre i Oy — 650y — " + 8,046" + 850ySy — 68,000y - (33)
With all that, the metric quantities in the PLG system are given by:

b = 2 —4>+a,7/<1;2‘5ﬁ+k’7) d/\] , (34)
o = {Bl - al/ (k” n 1;”) dA — 1), /kféfdx\} 5, (35)
Hyp = 2|Cyiy + 7)) /de/\} ool (36)

Note that the equation for 6 is not constraining anything because % (6y — éw) involves Jp.
Actually, after a bit of algebra, it leads to the identity:

2¢ + ky — 2ky + By = a?kX . (37)

Using the fact that k;, = gy,,k¥, one finds that this identity is exactly satisfied.
The nullity of g,y also leads to a constraint:

KT 4+ kX = al7 (nX(4> + 1) + BX — nXV?E — nXV, FX — ;nxhxx> , (38)

which is an identity resulting from the null geodesic equation. We have used the facts that

d d d d

@|w:const. - %M:const. + ab:const. - % ’ (39)
d d

%|y:const. = %u:const. , (40)

which means that ¥ mimics the behaviour of the affine parameter along the light ray. Finally, the nullity
of 8,1 leads to:

1
vkl = —a; / (KT +kX)dA — Bj + VAV E+ VWF,) + AT (41)
which also results from the null geodesic equation.
Therefore, we see that the very definition of the observational coordinates system via the relation

kit = ,3’155 ensures that our PLG metric has the correct form.

5. Observables in the PLG

We are going to present here the observables that we can measure on our past lightcone. By using
the PLG introduced above, we are going to get a set of observables defined by the PLG parameters.
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They are simpler but different in definitions from what we are used to in perturbed FLRW; a justification
has been made between the two gauges.

5.1. The Redshift of Distant Galaxies in the PLG

The redshift of a source crossing the lightcone is the time dilation observed from C(w,y, 8, $) of a
source of a proper time T along its worldlines; crossing our past lightcone is determined by the ratio
dw/dt along our worldline, see Figure 2. The observed redshift z of its emitted light is determined by

1+Z:&:M—dw—uw|sz;
a(w —y)

As  a(w—y)  dt
where a.(w) is the scale factor along the central worldline C at singular point wy|c (it can be taken
equal to 1 today), or we can use the expression

(1+6a/2), (42)

ktu
4z= st @)
where we can normalise (k*u,), = 1, and we can re-write (43) as
14z = (k) (44)
and using (4) again, we will get
14z = (G = (1) 5)

This shows that in the lightcone gauge the redshift of the source is its 4-velocity, where the
4-velocity of the source is directly observable because the redshift is directly measurable from the
observed source spectrum.

Figure 2. A time interval d7 at the observed galaxy is measured as a time interval dw by the observer.

We will use the Jacobian (32) to transform our above result into the standard model gauge, getting

dw w
u? = %u” + ﬁul . (46)
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To first order, this can be expanded as

w o__ 1 isl
" —m[l—cp+aqf5w+v(5i} : 47)

We could decompose v’ into scalar and tensor parts as
o' = V' 4+9Y[V,E' +B]]. (48)

To simplify the discussion, let us concentrate on scalar modes in the longitudinal gauge: E = B = 0.
Then, using the expression for éw, and the commutation rules Equation (A5), we obtain

an(sw:_/[aq@ ¢>+2H <¢_2¢>}d)\. (49)
a? a
Hence: an(
3,0 = — /’74; Pr = [yt - (50)
Thus, remembering that, in Longitudinal gauge ¢ = ®, ¢ — ) = ® + ¥, and V - ii = vX, we get:
1 . 0
uw:[l—CD—i-/a,?(CD—l-‘I’)diy—l—V-ﬁ] , (51)
a(i) s

evaluated from the source s to the observer on the central worldline 0. This gives the expected
expression for 1 + z in terms of Bardeen’s potentials.

If we now look at scalars only in a general gauge, using the fact that 9, and [ dA commute, we get,
after a bit of algebra:

1 .
wWW=—"—14+HB-E)Y-D+ [ (®+¥V) dn+V- 7| . 52
a(ﬂ) ( ) /( ) n . (52)

Under a general gauge transformation, 7 — 7 — T and x' — x' — L/, we have

B—-E —-B—-E —-T, and a(y) —a(y)[1—HT] . (53)

Therefore, u%

background and first-order parts are manifestly not.
If one includes vectors and tensors, one finds:

— u%, and the redshift as a whole is indeed gauge invariant, although its

. o
uw:a(% 1+ H(B—E) =0+ [(@+¥) dy+V i+ [ [ |'dn+ / h(#i, 7)) 11] . (54)
S
We can conclude that the 4-velocity of the observer in the PLG can cover the Sachs—Wolfe (SW)
equation with the scalar contribution, and the so called integrated Sachs—Wolfe term, additional to vector
and tensor contributions to the redshift.

5.2. The Area Distance in the PLG

The shape and size of the image of a source depends on the path taken by the light rays from the
source to the observer through the spacetime by the null geodesics; i.e., it depends on the spacetime
curvature. In fact they are both represented by the metric components h;, which are in principle,
directly measurable. For an object of known size and shape observed at time w( and lying at distance
y in the direction 8, ¢, one has [3]

di? = hyi(wo,y, 0, §)dxTdx! , (55)
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where dl represents distance of the object perpendicular to the line of sight, which are known if the
size, shape and orientation of the object are known. The term dx! represents the corresponding angular
displacements at the image, which are directly measurable [3]. Comparing the angular measurements
with the known dimensions, one can deduce h if- In addition, directly from (55) and (20), we get the
area distance r4 given by

1
det[hll]] :
= = 56
A [ sin? 0 (56)
where
e ( a?5%(y) (1 + H) a?S*(y)Hg, ) 57)
1 aZSZ(y)HAqA) a%S%(y)(sin? § + H(f’(f’)

For simplicity, we express the embedded S(y) in H; j, thus defining the determinant as

det[h] = a*S*(y)(sin® 8 + Hyj + sin” OHgg) — a454(y)H§43 , (58)

and therefore
1 1
dcd
ra=|a$ 1+ Hps + —==Hgpg . 59
A < (]/)[ 00" G20 ¢¢]> (59)
This means the area distance in the PLG can be written in a very simple way as

ra = altw =) msw)|1+ 317 (60

where HT is the trace, given by Equation (36), and according to Equation (A7), one can write
A
HT =2ch 12 / ANV K ©61)
As

where k! is the null vector from the source position at xs and along the light trajectory to the observer
position at x,. Thus, the preceding equation becomes

HT —4¥; —4H(B—E') +

2 /'70 1 . 2 .

—= _["a / dy' (' — {vtnlv?—fnlv- O+Y

(170 _ 175) s U 7s U (17 775) ( 1 X z)( )
. A , .. 0 .

~V2Bin' — V;Bjyn'nl + %V(iBﬁn'n] + V2 F 4 ViEjnint — ;cv(izf].)’nfnl

2 1 o
+Xn’nf§h§j - Vzh,-]-nln]} . (62)

Now, substituting back in Equation (60), the area distance is given by

1 1 o
ra(nn) = a(ns)(mo —1s) [1 ~¥s—H(B—-E)+ Em /17 dn(n —1s) (o — 17)
Lnivi)(op +¥) —n'V?B; +n'V2F — V(iﬁ}
(110 — 1)

+ V(iF]-’)/njni — Vzhijninj —

X ((VZ —nin/ViV]-— )ninf

This equation represents the area distance of an object in a general gauge including the vector
and tensor modes contributions in the Friedmann universe, and it is equivalent to the expression of
the area distance in our PLG, see Equation (60). The double integrals term in Equation (63) represents
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the integrated effects proportional to line-of-sight integrals of the scalar, vector and tensor modes and
their time derivatives.

5.3. The Luminosity Distance in the PLG

The luminous rays received from a source of area distance 74, observed at redshift z, is defined in
the past-lightcone as

1
= (1+2)'ra = aleo — )6 1+ 3T (64
from which we can write
_ S, _ _F
dr(n,ns) = () 1-20,+20; —¥Ys+H(B—E)+2V-n
o 1 _
+2/(<1>+‘I’)’d17—/n1n7 <V(iFj’) +2h§j—v(iB]-))d17
1 1 1o 17 - 2 )
+,7/ d dn'(n' — (VznanV'V'nZV' O+Y
2Gp0 o)y My O N G Ve
B = i 2 B i i
_szin - V(IB;)TI n + WV(IB])TI n + VZTZJ'F] +n/n V(ZF]/)/
—#V Flnin' + Lninjh/‘r - Vzhi-ninj)] . (65)
(s =) " D) (s —m)" 7 ]

Relating the above expression to the redshift of the source, therefore

Zs = Zs + 025, (66)
where we can easily write
_ / o .
52 = (1—}—25)[‘{’0 ¥, +H(B—E) +V-n—/ V(D + ¥)dy
" i (V4 - By ) d (67)
. (i) T M T Vb)) )4
and we can assume that [8]
dL (n/ 715) - dL(nrﬂ(ZS)) = dL (n/zs) ’ (68)
by taking the Taylor expansion
_ dr(n,z
dp(n,zs) =dp(n,zs) — %EZZ 0z . (69)
Zs
Then, the redshift luminosity distance is given by [9]
di(n,z _ _
WME)| = (rz) T 0Q), 70
S
with Z; + 1 = 1/a(ys) at the background. This leads to
dL(n, Zs) o 1 /
T|z:z = (4z)|—(o—ns+Hs )| |Yo—¥s+HB-E)+V:n
S

Mo . Ho . . —
—/ nlvi(d>+‘f’)dry—/ ninl (V(Z-F]-’) +;h;j—v(i3j)> d;y} V4V
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Then, the redshift luminosity distance will be given as

di(nz) = (14z) {wo ) Lo — 1) — H T — (2050 — 5s) — Hs 1Y,
Ho
+2(170 — 115)Ps — Hs_lH(B —E)+ (70 —1s) — Hs_l]v ‘n+2 n®
s
o . Mo .
+/ dn(ns — mn'Vi(=3® +¥) + (110 — 15) — Hs '] / n'Vi(=Y + @)dy
s

s

.o o 1 _
+1/1171/H;1 ; (V,‘Fj’ + Eh:] — VZB]) d17

1 [ Iy i
w5 [ dntr =)o =) (72 = 010,90+ ) = V2 (B )
2
o —1

71’li1’lj[V(l' §;> - V(IF]/)/] - ninfvzhij - [V(ZF]/) + %I’l;] + V<l§])]nln1)} . (72)

This is the famous expression of the redshift luminosity distance in a perturbed Friedmann
universe in general gauge, as a function of the measured source redshift z; and its direction n.
It contains the angular and redshift fluctuations of the luminosity distance or what is called
“gravitational redshift” in the first line apart from the background contribution. The second line can be
the terms due to peculiar motion of the observer and emitter (Doppler terms). The third and fourth
lines collect integrated effects proportional to line-of-sight integrals of ¥ and its time derivative, and
the fifth and last line represents the lensing term with V2¥ « §p. This equation is obtained in [10,11],
and is equivalent to our expression of luminosity distance in PLG, Equation (64), which we expressed
in one single line in terms of the metric components, which in principle is measurable quantity.

6. Galaxy Surveys

The large-scale cosmic structure contains lots of information about the global properties of our
Universe, and by analysing maps of galaxies we can probe the initial conditions of the Big Bang and
its physical processes that have operated subsequently [12,13]. Statistical measurements of galaxy
motions and clustering with the weak gravitational lensing provide some of the strongest evidence to
date that Einstein’s GR is an accurate description of gravity on cosmological scales.

Galaxies are the building blocks which define the large-scale distribution of visible matter in
the Universe and it can be used to trace the underlying dark matter distribution. Without dark
matter, galaxy formation would occur substantially later in the Universe than it is observed. After this
all dark matter ripples could grow freely, forming seeds into which the baryons could later fall.
Such information requires a combination of the galaxies’ location in three dimensions and distance
information from its redshift [14].

6.1. The Galaxy Number Count with the PLG

Suppose one counts the galaxies seen in a solid angle d()y around the direction of observation

(6, $), down to a distance y. An increment from y — y + dy will result in including dN new galaxies

in the count, where dN is the number of galaxies detected in a volume dV of size as (dy, d, dp) around
a point on our past lightcone

AV = (r3dQo) (u'k,dv) . (73)

If the number density of galaxies at the position y is 1, then (1 dV) is the number of galaxies that
will be contained in this volume. We will write N in the form

AN = f,dV, (74)
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where f;, is the selection function representing the fraction of galaxies in 4V that are actually detected
and included in the number count; one can estimate f,;, from knowledge of the galactic brightness
distribution and spectrum, the area distance r4 and redshift z. In general, f,; will depend on
w,y,0 and $. The number count of galaxies in a box of size (dy,dd, dd) around a point on our past
lightcone can also be calculated as

AN = fur4 (14 2)dQopdy , (75)

where dv = Bdy, and B = a*(1 + 6B). If y has been chosen to be an observable quantity, then dN is
directly measurable. As z and r 4 are known, one can estimate the selection function f;;, which depends
on 4, z, the galaxy properties and the observational limits and selection effects. Therefore, in principle,
one could determine the quantity  in terms of known quantities.

The geometric properties of spacetime play a role in the determination of the distribution of
galaxies. Nevertheless, the observed redshift and position of galaxies are affected by the matter
fluctuations and the gravity waves between the source galaxies and the observer. Therefore, the
volume element constructed using the observed redshift and observed angle is different from the real
physical volume occupied by the observed galaxies. The observed flux and redshift of the source
galaxies are also different from their intrinsic properties. Therefore, the observed galaxy fluctuation
field contains additional contributions arising from the distortion in observable quantities and these
include tensor contributions as well as numerous scalar contributions [15]. Therefore, the observed
galaxy number density is affected by perturbations given the total number of observed galaxies, and it
contains additional contributions from the distortions in the observable quantities, compared to the
standard description that galaxies simply trace the underlying matter distribution.

6.2. The Perturbation of Galaxy Number Counts A

The number count of an overdensity galaxy number count is what we can measure when we
divide the map of galaxy surveys with beams at fixed redshift and solid angle. By counting the galaxies
in each pixel separately, we can study the fluctuation of the galaxy number and the distribution of
dark matter. The number of overdensity galaxies in one pixel can be given by

_N—N_b_ip_
=—5 = P_

A b-6. (76)

The number count A is an observable quantity; it relates the number of the galaxies in each
pixel to the average numbers of the galaxies N, and the distribution of dark matter 6 and its bias b.
Galaxy formation is a local process and its relation to the underlying matter density should be well
defined and gauge invariant. The observable quantities such as observed galaxy counting should be
independent of a choice of the gauge condition. The large-scale distribution of galaxies, the density
fluctuation 4(x, t) which we calculate in a given Friedmann background, is not gauge invariant, and
this is “the cosmological gauge problem” [16]. Since it depends on the background Friedmann universe,
we compare the observed p(x, t) with [17]:

t)—p(t
s(x 1) = LX) —p() (77)
p(t
In order to fix this problem, one has to consider individual observational effects like the redshift
space distortions [18,19], the Alcock—Pacinski [20] or lensing [17,21].
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For unbiased distribution, g is the mean galaxy density, i.e., p = (o) . Determining the spectrum
in terms of directly observable quantities compares with determining gauge-invariant expression.
The redshift density perturbation can be written as

b nz) — P2~ (0)2) -

Using the fact that p = N/V, and with a little of algebra, we can get [17]

N(n,z) — (N)(z) B 6V(n,z)
(N)(z) V(z) '

02(n,z) = (79)
where the physical survey volume density per redshift bin per solid angle can be written as a
background part in a homogeneous world and a fluctuated quantity, since the solid angle and the
redshift bin are distorted between the source and the observer:

V(n,z) =V(z)+6V(n,z) . (80)

The perturbation in the number density of galaxies is an observed quantity, and the volume
perturbation also can be measured with other tracers than galaxies, and it is therefore measurable by
itself and hence gauge invariant. Therefore, they are gauge-invariant quantities. Hence, 6, (n, z) is
gauge invariant. We can re-write Equation (79) as

N(n,z) — (N)(z) 6V(n,z)
Aln,z) = =b;(n,z)+ ——2, (81)
=T mm T g
which is a gauge-invariant expression.
6.2.1. The Computation of J,(n, z) in the PLG
The computation of J,(n, z) to first order will get
b(nz) = LD PG 52)

6

knowing that p(n,z) = p(Z) + dp(n, z), and using the fact that z = Z + dz, then Equation (82) yields,
to first order

_ dp 6z(n, z(17))
52(1‘1,2) = 5(11,2) %W 7 (83)
where %202) _ 5 n,z), and by usin 9% — _3_P_ the matter fluctuation (at the observed redshift) is
@) y & iz Tz
given by
0z(n,z
0z(n,z) = é(n,2) —|-3((1+(21§)) . (84)

Since1+z = (1+2)(1+ da/2), and 6z = (1 + ) 36a. Then, one can re-write Equation (84) as

b:(n,2) = 8(n,2) + 20 (85)

Here, we relate the perturbation variables in direction n at redshift z to their unperturbed position
and time 7. Z = z(7) is the redshift of the background universe that we measure on and ¢z is the
redshift perturbation to this universe, d;(n,z) = J(n,z) in a uniform-redshift frame éz = 0. It is
gauge invariant since is defined by observable quantities, where the time slicing is set by the observed
redshift z, rather than by an arbitrary choice of coordinate systems or gauge conditions as for J(n, z)
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and differs in its value contingent upon the gauge choice [22]. Moreover, by solving the background
relation Z = Z(#), we can write

p(n,z(17)) = p(n) +dp(n, 1) . (86)

Note that p(z) = p(z + 0z) deviates to first order from p(z). Both 6z and dp depend on the chosen
background and are, hence, gauge dependent; however, their combination in Equation (83) must turn
out to be gauge invariant as it is in principle observable.

6.2.2. The Volume Distortion in the PLG

The volume perturbation 571/ should be gauge invariant because it is, in principle, a measurable
quantity given unbiased volume tracers. The differential volume element (seen by a source with
4-velocity ut) is given by

av = \/—gewaﬁu"dx”dx“dxﬁ (87)
= v(v,oc,ﬁ)dxvdx”‘dxﬁ, (88)

where v is a volume density, which determines the volume perturbation

oV v(z) —(z)

v @) (89)

Al T

Then, the volume perturbation in terms of redshift and sky position is determined by our
observation coordinates (w, y, 9, $), and therefore

oy 90 o
v = /=€’ =F — —— + \/—g€1030u?
8€0123 3z 90, 3¢ 8€1230

dw 96 9¢
wRr (90)
0z 96 0

where € has a permutation signature. The transformation matrix from the angles at the source to the
angles at the observer is

’ 9(6s, @s)
(6o, 9o)
In homogeneous and isotropic backgrounds, the geodesics are straight lines, that is 6; = 6,,

@s = @y, but in a perturbed universe, angles are perturbed with respect to each other:

206 95
L %9

B 90 ¢

1)

95290+59, ¢S:¢0+5¢' (92)

The angles between the source and the observer are fixed at the PLG. It can be shown that there is
no angular displacement
0 =06p=0. (93)

This will lead to the volume perturbation being given as
ay ow
v \/ —gu e gw——. (94)

With instant light cone w|const., we get

v= \/—guwg—z. (95)
Furthermore, from Equation (22),

T

V/—g = a*S(y)?sin(6) (1 + HT - 5/3) , (96)
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and the 4-velocity of the source according to the PLG
u=1{(1+4z),n7'}. (97)

Since Z—z is the change in comoving distance y with redshift along the photon geodesic, we can

re-write it as
dy _dy _dydoz  doy

dz dz dzdz = dz ' ©8)
Using the fact that ¥ = x, we can rewrite the above result as
dy _ dx _dxdez  dey _ (dx _dydoz  doy)dy %)
dz  dz dzdz dz \dy dzdyp dy)dz’

Here, dy/dz is to be understood as the change in co-moving distance y with respect to the redshift
along the photon geodesic. The distinction between z and z is only relevant for background quantities.
Therefore, Equation (95) will look like

T dx doz déy)dry (100)

H dx

4 2

= ) 1+——+8) (1 _— - = .

v(z) = a*S(y) sm()<+2+/3>(+z)<d17 d2d17+d11 =
In Equation (99), the last term contains the redshift-space distortion, which will turn out to

be the biggest correction to the power spectrum [17]. To lowest order along the photon geodesic,

withl+z=2 = %,wehave

dy _ -1 _ -1

== —aH " =—-H ", (101)

where H is the physical Hubble parameter and # is the comoving Hubble parameter. With all the

above taken into account, the volume element becomes

0(z) = —a*S(y)?sin(0) <1 + iT + 5/3) (1 + ;504) (dX _ 1 + My)?—[l , (102)

2 dp  H(+z)dy  dy
" 45(y)?sin(0) r
_a“S(y)-sin(0 1 20z ddy H 1
v(z) = 7 ( 1+ Hi+2) oy ay 5 op 2(504) , (103)
where we have used the relations (39). Furthermore, we introduce the volume density as
b0 _ olz) ~o@) (104)
0 7(2)
where I5(3
3(2) = 5(2) + Z;(;)(Sz(n,z) . (105)

To obtain the fluctuation of v, just subtract the unperturbed part 7(z) from v of Equation (103)
(and additional 1/a factor coming from the background part of [1 + z] term)

__. S(y)*sin(8)
— 7/ 1
°G) = e (106)
and thus 01 s
_ . 2 z
Putting all of these together, we obtain the volume density fluctuations given by

5v 1 95z asy HT 2 H' du
M L e D Y e e 108
5 (7—[(1 Hoay oy 2 P [S(y)y T ] 2 ) (108)
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In addition, since from Equation (30), we can conclude

oy _ ddy
T Tl (109)
Then,
5o 1 95z HT 2 H' S
AN (S B oL L e 11
7 <’H(1+z) oy 2 [S(y)?—[+7—[2 } 2) (110)
With S(y) = ¥ = (170 — 1) in flat space, and 6z = 1(1 + Z)éa, one can then write
1 96 HT 2 H o
A(H,Z)—(S(H,Z)-i-ﬁw—? |:]/7‘[+7'l2_ ] 7 (111)

This is the expression for the density redshift perturbation in observational coordinates using the
observational metric, and as indicated does not include unmeasurable monopole terms or a dipole
term (n'V;), that usually arises by the perturbation at the observer position. Moreover, it does not
depend on the peculiar velocity of observer and emitter, and we do not need to compute the deviation
vectors that relate the perturbed geodesic to the unperturbed one. It only depends on quantities in
terms of the perturbed metric and in principle all can be measurable.

Equation (111) is a gauge-invariant expression, and we have discussed the first term earlier;
the second term contains the Doppler term, the integrated Sachs-Wolfe, the gravitational redshift and
the redshift-space distortion. The third term contains the lensing distortion and time delay, and the
last term contains the redshift perturbation of the volume.

When we apply the gauge transformations into the density fluctuations to the equivalent
expression in general gauge, the upcoming result is already obtained in [15,21,22]:

Anz) = Dy-¥-H(B-E)+ {w FayVy - <axp;( N _aX§X> }

2 ’H/ Mo o 1 =
+{ﬁ+¢} {f¢+H(BfE’)+Vx+/VS (<1>+‘1’)’d77*/m (axF;'ﬁih?cx*a(xBx)) d”}
1
No — 1s

o — 1
[ -8 <(¢+T),BX+F;(, Eh@dﬁ/, (112)
s
D, is density fluctuation on the uniform curvature hypersurface

Dy =6+3(1+w)(yp) = 48" —3(1+w)¥, (113)

where 6”8 is the density perturbations in the longitudinal gauge. Equation (112) represents the
gauge-invariant redshift density fluctuation using an FLRW metric. The H 19,¥ term is the
gravitational redshift. The light emitted from a galaxy has to pass via that potential field and reach the
observer. In so doing, the photon has to lose some of its own energy and hence become redshifted.
This will result in changing the redshift of the beam. The term H 19, (Vy) is the redshift space
distortion due to the galaxies” peculiar velocity relative to the observer line of sight, and this is
considered the largest signal correction on the intermediate scales [17]. The middle line comes from the
redshift perturbation of the volume, and it contains a Doppler term; it also contains the ordinary and
integrated Sachs-Wolfe terms. The third line (the integral) is the lensing distortion which corresponds
to the change in the solid angle causing radial and angular volume distortions and time delay [23-25];
it is relevant especially on large scales. The rest of the terms have very small relativistic effects.

The standard Newtonian description of the galaxy power spectrum breaks down and the general
relativistic description is therefore essential for understanding the observed galaxy power spectrum
and deriving correct constraints from these measurements. The relativistic effects progressively become
significant at low angular multipoles at high redshifts z > 2, where the relativistic effects are dominant
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and significant on the horizon scale, but they break the symmetry of the correlation function [26].
Due to these effects, A contains additional information J, V, ®, ¥; this can help with testing gravity by
probing the relation between density, velocity and gravitational potentials.

7. Conclusions

In this paper, a lightcone gauge has been constructed and adapted to observations made on the
null cone using observational coordinates. We developed this gauge by perturbing the lightcone,
and reproducing a new linear perturbed gauge to satisfy us up to first-order calculations of the
observables. We calculated the observables in the so-called lightcone gauge. The calculations of the
observables in the new gauge introduced was much easier than the ones we usually obtain in the
standard gauge. In addition, the most interesting feature in the results of the PLG is that they are a
sum of the scalar, vector and tensor contributions to the standard gauge results.

We then used this perturbed gauge to compute the galaxy number density contrast, which is
the truly measured quantity in large galaxy surveys. Our result contains the relativistic effects that
have been produced due to the distortions of spacetime. With the use of the PLG, we could have
them in terms of the metric components, which make it easy to be calculated since we considered
null-like observations; we did not have to worry about deviations on the spatial positions of the galaxy.
These effects do affect our observables and, by measuring them, we can use the result to test the
relations between the density, velocity and gravitational potentials. Using the PLG gauge was an
attempt to make the measuring of these relativistic effects achievable in the simplest way. Our results
will be most significant for future galaxy survey catalogs like BOSS, DES, Euclid, and of significance to
SLOAN-7 data analysis.

Funding: This research received no external funding.
Conflicts of Interest: The author declares no conflict of interest.
Appendix A. Commuting Partial Derivatives and Integrals

Here is an attempt at finding a way to commute partial derivatives and integrals from the observer
to the source. Say we want to calculate d, X where X is first order and is written:

X = / YdA. (A1)
Then, we have:
d%x: Y & (9 —9y) X = a?Y. (A2)
Therefore:
(3 — 3y) 0y X = a2d,Y + 2a*HY, (A3)
or equivalently:
d
ﬁaqx =0y Y +2HY. (A4)
Hence:
0, [ Yar= [ [o,y+2my]dA. (A5)
In addition, we get similarly:
9, / YdA = / [0, Y] dA. (A6)

Using these two relations and integrating by parts, we recover % J YdA =Y. Finally:

aI/YdA: /aIYdA. (A7)
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