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...yet, some of future experiments consider their measurement as one of scientific targets

redshift may directly probe the expansion history of the Universe (Sandage 1962, Loeb 1984, ...)

dz - .
= =(1+2)H,— H@) FLRW Urlwlverse,. no perturbations,
dt no peculiar motions

position drift may probe large scale motions and deviations from isotropy

both also probe the motion of the Solar System

a lot of theoretical work recently...
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position drift

kinematical effect already measured: aberration drift due to the motion of the Solar System

galactic acceleration ~ 0.7 cm - s7!. yr_l, corresponds to the drift of &~ 5 puas - ylr_1

radioastronomy [Titov et al 2011], [Xu et al 2012], Gaia (optical) 2022

other signals most likely much smaller than this one

redshift drift

no measurements, only prospects: E-ELT + CODEX - Ly-alpha forest variations, SKA (HI lines variations)

expected magnitude of the cosmological signal: ~ 10~'cm -s™!- yr‘1

Theoretical work

Bianchi | models [Fleury et al 2015...], off-center observers in Lemaitre-Tolman-Bondi models [Krasiriski-Bolejko
2011...], Newtonian N-body simulations [Koksbang 2021], hydrodynamic relativity simulations [Koksbang et al 2024]...

* Quercellini et al, ,,Real time cosmology”, Phys. Rep. 521, 95 (2012).

e O. H. Marcori et al, ,,Direction and redshift drifts for general observers and their applications in cosmology”,
Phys. Rev. D 98, 023517 (2018)



My path: from the PhD project to the drifts

PhD project: isolated
and dynamical horizons

null geodesics,
congruences

geometric and I ; redshift and
wave optics in GR | position drifts

cosmology
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Project in collaboration with Asta Heinesen (Niels Bohr Institute, Copenhagen)

Asta Heinesen, MK, Exploring the rich geometrical information in cosmic drift signals with
covariant cosmography, Phys. Rev. D 110, 043525 (2024)

ldea:

* Derive the drifts for small redshifts under as few assumptions as possible, using
the cosmographic approach

* How can we constrain a general cosmological model using drift measurements?

Computationally heavy project

Need for computationally assisted tensor algebra: xAct Mathematica package [J. Martin-Garcia
2002-2024]



Introduction

Cosmography

Keeping the model as general as possible, no assumptions regarding the matter flow or geometry
(except geodesic).

Local approach: expand all relevant quantities in distances or, better, redshifts. Taylor series
coefficients = model parameters

Dependence on the position on the sky: use scalar and vector spherical harmonics decomposition

Potentially large, but finite number of parameters to describe locally the geometry of the Universe

[Kristian-Sachs 1965], [Ellis et al 1985], [O. Umeh 2013], [Clarkson and Umeh 2011], [Maartens et al 2023],
[A. Heinesen 2021]

Hubble relation becomes direction-dependent: framework allows for anisotropic expansion, but
remains fairly agnostic regarding the geometry
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Local approach: expand all relevant quantities in distances or, better, redshifts. Taylor series
coefficients = model parameters

Dependence on the position on the sky: use scalar and vector spherical harmonics decomposition

Potentially large, but finite number of parameters to describe locally the geometry of the Universe

[Kristian-Sachs 1965], [Ellis et al 1985], [O. Umeh 2013], [Clarkson and Umeh 2011], [Maartens et al 2023],
[A. Heinesen 2021]

Hubble relation becomes direction-dependent: framework allows for anisotropic expansion, but
remains fairly agnostic regarding the geometry

 Include the drifts as observables

e What kind of information about the spacetime geometry can you extract from
measurements at fairly small distances?
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Cosmological time-like congruence of matter 1/

Geodesic congruence V ,u* =0

Observation point ©

Observer ug and all light sources belong tho the congruence

neglecting peculiar motions and peculiar accelerations

Light rays: congruence of null geodesic &/ centred at the observer’s geodesic y, V k" = 0

light propagates along null geodesics

Vou, = g‘%ﬂy +o0,+w, non-isotropic matter motion

1

8y = My — 3 Ry @x“ X + 0(x?) arbitrary geometry in Riemann’s normal coordinates

Only a finite number of parameters needed to describe (locally) every model

5



Decomposition of the drifts

Redshift drift




Decomposition of the drifts

Redshift drift

Taylor expansion in the affine parameter along the light ray

= ey = VEEN 2+ Vee) 2+ OG)
d’f@




Decomposition of the drifts

Redshift drift

Taylor expansion in the affine parameter along the light ray

& E(L, ') = DE(e) 2+ PE(e) A7 + 0(°)
d’f@

Multipole expansion of the coefficients on the celestial sphere

Vg = Vg + Bgel + Vg elel + Oy elel ek o+ -



Decomposition of the drifts

Redshift drift

Taylor expansion in the affine parameter along the light ray

& E(L, ') = DE(e) 2+ PE(e) A7 + 0(°)
d’f@

Multipole expansion of the coefficients on the celestial sphere

De(eh) = Vg + Pgel + Vg etel + Vg yelel ek -

C




Decomposition of the drifts

Redshift drift

Taylor expansion in the affine parameter along the light ray

& E(L, ') = DE(e) 2+ PE(e) A7 + 0(°)
d’f@

Multipole expansion of the coefficients on the celestial sphere

K g( 1) — (k) K g piy Keg (piofy Ke i)k .,
4G So+eiel + e eel + ey etel et + Only finite number of coefficients appear,

no truncation!
[ monopole




Decomposition of the drifts

Redshift drift

Taylor expansion in the affine parameter along the light ray

= e = Vete 1+ Ve 12+ 00
d’f@

Multipole expansion of the coefficients on the celestial sphere

K g( 1) — (k) (k) (k) J o (k) J
&) =D&+ Ogiel + (i) e'el + &Uk)e elef+ - Only finite number of coefficients appear,

no truncation!
monopol

In terms of the redshift (observable)

E(z,e") = DE(eN) 74+ PE(e) 22 + 0()

(1)§(€i) _ (l)f(ei) Ratio of functions given by a finite number of multipoles, again no
- Ho(eh) truncation!
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Koo, =Kge, =0

Can be related to the decomposition

Multipole expansion of the coefficients on the celestial sphere into vector spherical harmonics on the

celestial sphere (toroidal, poloidal)
it = Ot + Wit ) + 0(2%)

Puw=p,)=h,—e,e, =g, +uu —ee, Projection to the transverse subspace

The multipole series terminates at a finite order

In terms of the redshift (observable)

(1,0
— O 2 : : : : - :
Ko = ( )Kg - 2+ 0(z9) Again, ratio of functions given by a finite number of multipoles,
g again no truncation!
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How do you compute the drifts?

o MK, J. Kopinski, Optical drift effects in general relativity, JCAP 03 (2018) 012

e M. Grasso, MK, J. Serbenta, Geometric optics in general relativity using bi-local operators,
Phys. Rev. D 99 (2019) 6, 064038
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Redshift drift
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What do we learn from all that?

We can combine local drifts measurements with direction-dependent Hubble law measurements

2 1 v

d;(z,€") = .
L&) Dole)

Hubble law gives 0O, 06

Position drift at the leading order gives wg ., 0,

o

(O)KGM — (;ffﬂ + 0, possibility of a consistency check for o,
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Hubble law gives 0, 04,
Position drift at the leading order gives wg ., 0,
Ok, =07, +0°, possibility of a consistency check for o
Including the redshift drift, i.e. (V¢ § ; gives
1 5 | 1 a, . p
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What do we learn from all that?

Information loss in the position drift due to the transverse projections
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Not all components of the higher multipoles of (D can be recovered even
from a perfect measurement (degeneracies)
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Not all components of the higher multipoles of (D can be recovered even
from a perfect measurement (degeneracies)

Need to perform the decomposition into vector spherical harmonics

WicP gp = (Zal,maAYlm> + (Zbl,maCYlm> o

poloidal multipoles toroidal multipoles

Check which components of the Kg decomposition can be recovered from a; ., b, ,,

Both wg ,, and 6,5, can be recovered from the O™ order xH, no information loss here
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Summary, future prospects

Finite number of parameters locally describing fairly general anisotropic expansion pattern
and local geometry

We derived covariant relationships between multipole decomposition coefficients and
local geometry. Only finite number of multipoles at every order in z

Measurement of position drift and redshift drift, plus Hubble relation, for small z can be
used to probe the anisotropic expansion and vorticity of matter flow

Also possible to recover parts of curvature (Ricci and electric Weyl)
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Summary, future prospects

We also need to include the kinematics (effects of motion wrt to the cosmic flow)

In FRLW already known: [Liske et al 2008, Inoue et al 2019, Marcori et al 2018, Bessa et al 2023]
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In FRLW already known: [Liske et al 2008, Inoue et al 2019, Marcori et al 2018, Bessa et al 2023]

cosmic parallax (poloidal dipole in position drift)
velocity of the observer

Doppler boost in the redshift space

aberration drift (poloidal dipole of position drift)
acceleration of the observer

redshift drift (dipole of the redshift drift)

velocity of the source

noise

acceleration of the source

Possible practical application: re-analyse the Gaia data for quasars, look for signs of anisotropy beyond
aberration drift

Thank you!
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