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Introduction

Typically distance-redshift data is analysed isotropically.
Discovery of the Hubble-Lemaitre law dj, ~ z/Hy:

3 bl :
Today: large cosmological data sets. Modern supernovae catalogues

consist of 102 SN1a. — 10° SN1a within this decade
(LSST, WFIRST, ...).

210® PARSECS

: Velocity-Distance Relation among Extra-Galactic

Nebulae. Radial velocities, corrected for solar motion, are plotted against
distances estimated from involved stars and mean luminosities of nebulae i
a cluster. ©US National Academy of Sciences.
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The luminosity distance Hubble law
FLRW geometry

The luminosity distance Hubble law,

—143q3+q0—Jo+2ko 23 +0

6H, (Z4)
H=%, qgq=-gpm, =g, %=gm
=4, ke {-1,0,1}

Purely geometrical result. Relies only on the FLRW metric

assumption, but not on the field equations governing the
scale factor: “FLRW cosmography”

Data from sources in the O(z™) vicinity of the observer is described

by a finite number of parameters
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The luminosity distance Hubble law
general geometry

Builds on work by, e.g.,

Isotropic FLRW series expansion — generic anisotropic expansion.
)

The luminosity distance Hubble law:

_ 1 1—
d, = —2z+ 5

L 2 -
Z2=hed g’ e 23 1+ O(24)
H— 9, qg— 9, i—=J, Qp —
The functions

) ) )

in general vary with the point of
observation, and the direction of sight.
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https://arxiv.org/abs/2010.06534

The luminosity distance Hubble law
general geometry

The luminosity distance Hubble law for a general congruence of

observers and emitters in a general space-time:

— LN 2 —
dp=Laz+ 02 =880+ =

22+ O(24)
dE 1@
—_3 — 113
yo 5?0
- 1 k"E"Ruy — iig
=14+9 - gpm =g, = grgs — 40 -3

E: Photon energy as measured by emitters/observers

d Y\ = K"V, Derivative along photon 4-momentum, k*

R,,,: Ricci curvature of the space-time
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https://arxiv.org/abs/2010.06534

The luminosity distance Hubble law
general geometry

_

Simple multipole expansions in direction of incoming light, e*, seen
by the observer
- 3

Physically interpretable multipole coefficients
H —

v
) = @@y, 4+ @' T

1 dof — U dof
0 : expansion of observer congruence
9 dof ¢ a* : 4-acceleration of observer congruence
0, ¢ shear of observer congruence
(0] 1 2 3 4

— — i — q+e“qu+e“e”q‘w+e“e”e”q‘wp+e“e”e”e"quup,{

q 52(e) )

1 dof —
Jo— o —

independent dof
0 1 2 3
=1+ tie-ttee-tteee-t+
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1 dof —

)

independent dof
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https://arxiv.org/abs/2010.06534

The general luminosity distance Hubble law
— some remarks

For a general cosmological space-time, the luminosity
distance series expansion in redshift is given 9, 25, 61
degrees of freedom in the O(z), O(2?), O(z?) vicinity of
the observer.

This opens the door for model-independent analysis. Test
of the FLRW ansatz, model independent constraints on
kinematic variables and space-time curvature.

No need for correction of data before cosmological fit
(peculiar velocity corrections in ACDM analysis of
supernovae).

Motivated search for anisotropies.

Until fully model-independent data analysis is possible:
Simplifying constraints to investigate datasets.

Investigate luminosity distance of artificial observers
within realistic numerical simulations.
<
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The general luminosity distance Hubble law

— some remarks

e For a general cosmological space-time, the luminosity
distance series expansion in redshift is given 9, 25, 61
degrees of freedom in the O(z), O(22), O(z°) vicinity of
the observer.

e This opens the door for model-independent analysis. Test
of the FLRW ansatz, model independent constraints on
kinematic variables and space-time curvature.

e No need for correction of data before cosmological fit
(peculiar velocity corrections in ACDM analysis of
supernovae).

e Motivated search for anisotropies.

e Until fully model-independent data analysis is possible:
Simplifying constraints to investigate datasets.

e Investigate luminosity distance of artificial observers
within realistic numerical simulations.
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The general luminosity distance Hubble law

Luminosity distance and anisotropic sky-sampling at low redshifts: a numerical
relativity study

Hayley J. Macpherson! and Asta Heinesen?

! Department of Applied Mathematics and Theoretical Physics, Cambridge CB3 0WA, UK
2 Univ Lyon, Ens de Lyon, Univ Lyon1, CNRS, Centre de Recherche Astrophysique de Lyon UMR5574, F-69007, Lyon, France
(Dated: March 22, 2021)

Most cosmological data analysis today relies on the Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric, providing the basis of the current standard cosmological model. Within this frame-
work, interesting tensions between our increasingly precise data and theoretical predictions are
coming to light. It is therefore reasonable to explore the potential for cosmological analysis outside
of the exact FLRW cosmological framework. In this work we adopt the general luminosity-distance
series expansion in redshift with no assumptions of homogeneity or isotropy. This framework will
allow for a full model-independent analysis of near-future low-redshift cosmological surveys. We
calculate the effective observational ‘Hubble’, ‘deceleration’, ‘curvature’ and ‘jerk’ parameters of
the luminosity-distance series expansion in numerical relativity simulations of realistic structure
formation, for observers located in different environments and with different levels of sky-coverage.
With a ‘fairly-sampled’ sky, we find 2% and 15% cosmic variance in the ‘Hubble’ and ‘deceleration’
parameters, respectively, compared to their analogies in the FLRW model. On top of this, we find
that typical observers measure maximal sky-variance of 7% and 550% in the same parameters. Our
work suggests the inclusion of low-redshift anisotropy in cosmological analysis could be important
for drawing correct conclusions about our Universe.

arXiv:2103.11918

We used numerical relativity simulations
since the formaligm containg no aggumptions on the metric tengor, we wanted our
simulationg to reflect thig generality ag cloge ag poggible

e Investigate luminosity distance of artificial observers

within realistic numerical simulations.
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Numerical relativity

Z‘t iy Allows us to solve the field equations with no
simplifying assumptions to gravity (i.e., not weak)
2 / or geometry (i.e., not flat locally or globally)

Based on a 3+1 split of
spacetime —> space + time

Gourgoulhon (2007)
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Numerical relativity

for inhomogeneous & anisotropic cosmology

Macpherson et al (2017,2018 2019)
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Numerical relativity

for inhomogeneous & anisotropic cosmology

Cactus / Einstein Toolkit
o WVidely useo
* ree and open-source

- RWSolver

e A module to Initialise realistic
cosmological spacetimes

o tested IN axiv:1611.05447




Numerical relativity

for inhomogeneous & anisotropic cosmology

Initial conditions

e |inear perturbations around an EAS

Dackground

e (Saussian random perturbations
following the matter power spectrum

at the CNVIB

Simulations
\Vlatter dominated, 1.e., N0 dark energy
e Ui approx. for hydrodynamics




& Ihe general series expansion has /imited assumptions (see Heinesen, 2020, for details). ..

@ Effective Hubble needs to be differentiable and positive everywhere we apply the series

o a

.e., no collapse happening
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This means we need to define a smoothing scale
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@ We choose conservative scales above that at which our Universe is assumed to be described as FLRW
@ [Interesting to see if we recover the appropriate EAS parameters in this case
@ 100 Mpc and 200 Mpc grid cells to ensure no smaller-scale structure can form

& Means our box sizes are 12.8 to 25.6 Gpc in size



Dengity field

Note: no dark energy
In terms of global
averages, we find these
sims are EAS to within
numerical errors

Shear field

Macpherson & Heinesen (2021)
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Step [: place obgervers randomly within the simulation domain
Step 2: each obgerver gete aggigned a certain get of lines of gight

Step 3: for each line of gight, calculate each of the effective parameterg

E ffective Hubble

1
ﬁ=§9—e“aﬂ+e“e”aw R=1+99

E tfective curvature Ricei focussing term

E flective deceleration E floctive jerk

| Derivative along the

1 incoming null ray
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-irst, consider some observers with very well-sampled skies...

et is drawn from HEALPIx directions with:
2
].2 >< NSide Nside — 32

12,288 isotropic lines of sight... calculate effective parameters for each one




9o/ Ho, EdS Qo/ qo,Eds
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1.54 1100

Macpherson & Heinesen (2021)



My Drive > Observer Sky Maps (Macpherson & Heinesen) ~ 2o =

Files Name N

N

9ol Ho, Eas Qo/ Qo ras Dol Ho, Eas Qo/ Qo eds 9ol Ho, Eas Qo/ Qo ds 9ol Ho, Eas Qo/ Qo 5ds Dol Ho, Eas Qo/ Qo gds 9ol Ho, Eas Qo/ Qo eds

— -— — — — — — —
0971116 1.02935 -3.06064 537375 0.958899 1.03167 -1.87801 3.91559 1.00836 1.04487 -1,69621 3.50539 0.964375 1.02912 -3,30989 5.79316 1.00204 1.03795 -1.03732 2.95588 0.974463 1.05597 0,38124 2.27054

Soljo, eds

R,

e

Ry

SolJo, eds SolJo, eds SolJo, eds SolJo, eds Ro SolJo, eds

9

BE Skymap_obs0_HealpixSky.... B Skymap_obs1_HealpixSky... BB Skymap_obs2_HealpixSky.... BE Skymap_obs3_HealpixSky.... B Skymap_obs4_HealpixSky... BB Skymap_obs5_HealpixSky....
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9ol Ho, Eas Qo/ Qo gds Dol Ho, Eas Qo/ Qo eds 9ol Ho, Eas Qo/ Qo s 9ol Ho, Eas Qo/ Qo gds Dol Ho, Eas

9ol Ho, Eas
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0,987309 1.07261 -0.405519 2.22194 0.892842 1.00631 -3,29178 6.03058 0.991648 1.03059 -0.429952 2.51352 0,991503 1.03801 -3.1891 5.22563 0.942065 1.03994 -1,98308 3.84757 0.931126 1.03546 2,11715 4.27053
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y
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BE Skymap_obs6_HealpixSky.... BE Skymap_obs7_HealpixSky.... BE Skymap_obs8_HealpixSky.... BE Skymap_obs9_HealpixSky.... BE Skymap_obs10_HealpixSky... BE Skymap_obs11_HealpixSky...
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0,943249 1.04062 -1,75965 442254 0,979329 1.02328 -2,49018 4.38345 0,972914 1.04008 -1,40623 3.12348 0.98627 1.0197 0.718101 2.5997 0,928035 1.01219 -2.57166 5.13068 0,977944 1.04106 -2.55933 4.37867

SolJo, eds SolJo, eds SolJo, eds SolJo, eds SolJo, eds SolJo, eds

BE Skymap_obs12_HealpixSky... BE Skymap_obs13_HealpixSky.. BE Skymap_obs14_HealpixSky... BE Skymap_obs15_HealpixSky... BE Skymap_obs16_HealpixSky... BE Skymap_obs17_HealpixSky...



Unfortunately real observations don't sample the sky that well. ..
Instead consider a ‘fairly-sampled’ sky with 300 random LOS

Calculate parameters for each LOS and average the result



[sotropic contributions

Should be good approx. for
MONOPOole contribution

200 Mpc/h smoothing length

Still significant variance w.r.t

‘Cosmic variance” in Hub

agrees w
simula

—dS

nle

th, e.q., N-body

1ON estmates

Macpherson & Heinesen (2021)
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Anisotropic contributions

On top of the monopole, each observer will also measure a variance across their sky
Quantify this with “maximal sky-deviation”

o,max ﬁo,min

Ho Eds
-—— Averaglje over 1000|observers
0.14 — e N

__0.12 —_
% S
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ANISotropy does not depend on the local density at the observer
Although, the magnitude of these effects will be smaller in a model universe with typically lower density contrasts

Macpherson & Heinesen (2021)



Now consider an exaggerated case of an “untairly-sampled” sky
300 lines of signht chosen randomly across one half of the sky
Calculate parameters for each LOS and average the result

Gives us an idea of the potential effects due to under-sampling one’s sky



“Untairly-sampled sky”

Hubble, jerk don't change much (most
ikely a conseguence of the specific half of
the sky we chose)

Qo/ qo, Eds

0.925 -
Variance in dipole-dominant parameters os0OF T LT
iNncreases significantly oLk ¢ T T T T T Sy
150 -
. . 1.5 _
Some observers measure acceleration in a

100 - Y -
decelerating universe (EAS) i

o))
&
his was a drastic unfair sampling, results =
: . : Qo
will be different for different survey &2
geometries :
Avg over 300 'HalfSky' LOS
. . —-100 - - Avg over 1000 obs =
15+ _ -~ ACDM
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Macpherson & Heinesen (2021)



arXiv:2103.11918 V[ AIN TAKF-AWAYS

* The coefficients of the dL(z) relation generalise in nontrivial ways in the presence of local
iINhomogeneity and anisotropy

 We find differences from FLRW even in the monopole limit

e [n simulations with conservative smoothing and that follow EAS globally

* On top of this - parameters vary signiticantly across individual observer’s skies

* This could impact, e.q., surveys with incomplete sky coverage

e Studies like this can help us determine what constitutes a “reasonable”™ assumption in
simplitying this formalism to potentially apply to data

e e.9., which multipoles are dominant in each parameter?

h.macpherson@damtp.cam.ac.uk asta.heinesen@ens-lyon.fr
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