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Th_e Era of Precision Cosmology

e An unprecede‘nted amount of high-precision data from large-scale cosmological
survéys (Vera Rubin, Euclid, Roman,. ..) is about to be released.

o To take advantage of these new opportunities, theoretical predictions should be as
accurate as the level of precision of cosmic surveys. |

® In structure formatlon and grav1tat10nal collapses, many non-linear etfects come
into play and can be detected in galaxy surveys:

e Couplings of linear modes and relativistic effects (light-cone distorsions,
RSD;. ) ' |

' Impact on Large Scale Structure Cosmological Observables |
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GLC Coordinates: Physical Motivation

Light-rays propagate on the past|
| light-cone of an observer. |

| Cosmologlcal obsenvatlons are
b e ' made on the past hght cone of |
i3 - the observer. |

o Search for physically |
. motivated/observations |
| oriented set of coordinates. |
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GLC qurdil’latés: Physical Interp_retatiOn

SRS IO et urce
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GLC Coordinatesz Formal Definition

® The GLC coordinates are [Gasperini, Marozzi, Nugier, Veneziano, JCAP, 1107 (2011) 008]

=AW, g=172

| 7 = const. & geodesic obs. | |- w = const. «& past LC ™ || Angular directions in the sky

® The GLC gauge is

ds? = = 2Ydedw + Y2dw?
+y.,(d0% — U%dw)(d€° — %P dw)

|Fleury, Fanizza,
Nugier, JCAP, 06
(2016) 008]

- &} Induced metric on S% S g4 |&”
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GLC _Coordinates: Physical Meaning

e Light-like geodesics are exactly solved by
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Pérturbatioh Theory on the Light-Cone

@ [tis possible to connect

| SPT : {y | 26",

- | AL el P
. g,uy = g,lm/__l_ g( ) + g/gy) \.

| 17
|~ perturbed LC : {

o At the baékgrbund
A . : d : b
dy = & r=w-—n(r), -6=¢6"
| CZ(T) ~ T

® The perturbed LC metric is.

ds* = a(r)’ (L<1> +L@) dr? - 5 (1 —a(M® +"M<2>)) drdw +2 (VD + V@) drdd - -

+(1+ NV +N?) dw? +2 (U + UP) dwdd* + (},a +},(1> },@)) gy déb]
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Map between Perturbed FLRW and LC Metrics

® The following.diagram commutes:

gauge

SoPT ——— SPT

gty diﬁl ldiff.

BIES GLC

' . 1 ;?I
t yH v — yH H H H i .
| R ¥ 7 yr 4+ 6(1) 4 = > ( (1)61/6(1) + 6(2)> .

1
(1) <9&(1)av 1 T (2}) '_

GLC —=

perturbations
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Key Adva’ntages of the GLC Gauge
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{ Non-Perturbative Framework } Perturbation Theory

_psaBa i e e e o - o - T ) g v e P BONY_ - o~ 50 kT £ - A2 . g . posBa
poaBa e ’ G R o Az A< fosBa R o Ay B¢ praBa

S - - / B - - ’ = - b= = - )

- o - - o ) — = —s - s o <r.» p— e = =2 < » b . as 5 —— — = Oon Z.® —
= . 3 _ . a - o5 = g S \ \ 2.9 o o g S . . .o e e — o __ca g a o g » . = 2.9 g — - g

. TN - NP X, SO R PRy 2P\ TN s - o Ao o el v e o _ca g la- @ Joalfs eete 6 v 3 . < p == LA AN Y — Bad o T o A AN Y s 7

Fully non-linear | Observables factorized as products of
I expressions for light-like perturbations at the source’s and
{  cosmological observables - § - 1 -~ observer’s position . ]

Observer and s source are connected through
0 = const. geodesics on a w-= const. past
_ light-cone of a free- fallmg obs
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Example: The Angular Distance - Redshift Relation

Photon propagation

direction Extension of the

- luminous source

Observer

' In the GLC gauge '

|Fanizza, Gasperini,
t Marozzi, Veneziano, [CAPD, ',
" 1311-(2013) 019]

Jacobi Map'
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' Gaugé Invariant Approach

* We express the results in terms of gauge -invariant variables - (the - values
perturbatmns acquire in the GLC gauge).

| Gauge invariant expressions for light- |
 like cosmological observables.

T =cstor z=cst << Y = cst #}\
//|

/ :
:/ ‘ —
\

observat1ons by a | | GR effects at first |
free- fallmg observer { | and second order

[Nugier, 1508.07464]
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The Observétional Synchronous Gauge

e With a complete gauge fixing at the observer’s position:

IR divergences ~ 1/ r’ at the observer’s posmon are eliminated in a model
’ mdependent way

Observa’uonal Synchronous Gauge — standard Counterpart of the GLC gauge |
e S [Famzza Marozzi, Medeiros, Schiaffino, ICAP 02 (2021) 014] |

The observer is free-

0" are directions of |
| observations in the sky

W Gllings |
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https://arxiv.org/abs/2009.14134

Angulaf Distance at First Order

® In terms of Bardeen potentials:

1
i) =~ )+ (1- ) [w - v -

1 [T - 2 [me
_— [ an I E=prgl 2 qp !
Tz Jn, o — 1] Tz Jn,

1 o :
- (1 B Tsz) (Z/z ¥ +UHZ> -

o 1 | Mo
—(Ho— H -|_—)—/ dna®d
r.H, 1,/ ag

Min

extra terms at the obs. such that d s (z) is
~ 7 the one measured by a free-falling obs.
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3 Summary and Outlook

The - full control of observer terms at ;‘; These- new tools can be
second order provides the gauge invariant || conveniently applied to compute |
formula for da(z) with GR effects and as || other cosmological observables |
seen by a free-falling observer (new terms || on the light-cone up to second |
not present in‘the literature). = -~ || order (e.g. the redshift drift). |

The cross-checking of our resi;lts'with the ones
present in the literature provides a validation of ="
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Thanks for your attentlon'

p1erre bechaz@phd. ump1 it
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- .Moré on the GLC Angles

o The shift of direction of received radiation wrt the angular direction of the source
is expressed as [Fanizza, Gasperini, Marozzi, Veneziano, JCAP, 08 (2015) 020)

=040 a,b=1,2

e This is a non-trivial relat1on because of geometrlcal detlection effects the null
light-cone hyper—surface has a d1storted shape |

e It depends on the geometry and on the gauge.

e We can connect the Poisson Gauge and the GLC one via (the angles in.the 2
gauges are demanded to be equal at the observer’s position):
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https://arxiv.org/pdf/1506.02003
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- _()bsei‘ved Redshift in GLC

e The 4-velocity of a geodesic observer is

u'* = —o'r, . u”uﬂ:—l

N\ kfu ) Aa)

H

S ws=wo=w

GGI, October 1, 2025

e The wave-vector of a in incoming photon is
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Scalar—PseudoScalar Decomposition

e Define the oper ators |[Fanizza, Marozzi, Medeiros, Schiaffino, JCAP, 02 (2021) 014; Mitsou, Fanizza, Grimm, Yoo,
Class. Quantum. Grav. 38 (2021) no. 5055011}

Dab'E D'(an)._ D.z’ Dab_ED(an)’ ; D EebDl?

e Perturbations are decomposed according the their transformétion properties-under
SO(2): ' o |

with and pseudo-
scalar variables (D it = 0)
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SPS-SVT Dictionary

¢ Use the fully non-linear relations to connect SVT perturbations to SPS ones:

= —7(a®’L+ N + 2aM)

—N —aM

e Example:

. . . . O, (ae

2 2

a
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The Jacobi Map (I):

e Take the geodesic deviation eqﬁation (with 1 affine parameter along the curve):

Viek = aﬁyk“k”fﬂ -V, =k,

e Project (for A = 1,2):

el A | A _ L B S U

=6 SX ’ S &tsﬂ 8 gﬂvgﬂSA
where £ | T
12 M U U
g/w = Oxg, SAMM—O—S k —P._VASA

Pierre Béchaz | % GGI, October 1, 2025.

B6



The Jacobi Map (II)

® We obtain

d2 fA

AgB s
=RpE®, Ry =R, KK'sys)

dA?

where

® The Jacobi Map connects an observer to a source and it is the solution to the above

equation written as 4 , .
A . Y\ | kﬂaf"g&B
5 (/Is) = (/10’ /18) .
O
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Fixing the GLC Gauge

e Decompose the angular gauge mode in terms of SPS gauge modes:

5(1 i (Db)((l 2) T Db)((l 2)) Db)?a,z) =0

o Fix the GLC g_a.uge on the light-cone order by order in perturbation theory:

PO —0=50 =50 = NO 4 957 VB

@ = 0=5® = 5@ = AN@ _ (VD)2 4 8a01® _ 4(FTD)2
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First Order Gauge Modes

T 1 !
=3 / a7 (@O + NO + 2aMD) (7,0 — 5(r) + (7)) |

w 1 o
Sy = 5/7 dr'al™ +wp” (w, 6%,

To 1 70
1 1
X = _/T ar (U( '+ 2a7? / dr"aL™ +

| w=>w=w)
B 4 ; ¢ > 9% = 6“ /(W 0

b
/ 3
)
2 .
:

~ the GLC gauge at the |
ReehieEer & -
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Gauge Fixing at the Observer’s Position

i4—| observer sit at the center of the polar frame |

‘Preserve the l'

. | | No-angular dependence at |
“observational gauge” | : '

| the observer’s position |

2w, 42470 |
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