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Hubble's law

“Hubble's law, is the observation in physical cosmology that galaxies are
moving away from Earth at speeds proportional to their distance.”
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Expansion of the Universe
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ACDM model

Cosmological principle

In modern physical cosmology, the cosmological principle is the notion that
the spatial distribution of matter in the universe is homogeneous and
isotropic when viewed on a large enough scale.

FLRW metric

ds? = —c2de + (1) [1 iiﬂ + rdeQ]
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ACDM model

Friedmann equation

a? + kc? _ 8nGp+ Ac?

Friedmann acceleration equation
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ACDM model

H(t) = Ho/Qra=4(t) + Quma=3(t) + Qra=2() + (1 — Q. — Qpp — Q)
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Luminosity distance
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Cosmography?

@ “Indeed, a surprising amount of modern cosmology is pure kinematics,
what Weinberg! refers to as cosmography, and is completely
independent of the underlying dynamics governing the evolution of
the universe.”

@ “"Whereas pure cosmography by itself will not predict anything about
the scale factor a(t), in the cosmographic scenario we can to some
extent infer the history of the scale factor a(t) from the observational
data while steadfastly avoiding use of the Einstein equations.”

'Weinberg, S.: Gravitation and cosmology: Principles and Applications of the
General Theory of relativity. Wiley, New York (1972)

2Visser, M. Cosmography: Cosmology without the Einstein equations. Gen Relativ
Gravit 37, 1541-1548
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Cosmography

scale factor

1 1
a(t) = ato)[1 + Ho(t — to) — oy a0 HE(t = 10)” + 700 Ho (£ — o)

+%80H3(t— to)* + %loH%(t— to)” + O((t — 10)°)]

Hubble and deceleration parameter
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jerk, snap and lerk parameter
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Cosmography

scale factor
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Cosmography

scale factor
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TYz parameter space

FE=(1-y)E(y) d2—(142)B()

FIG. 1. The schematic diagram of xyz space and their con-
version relations.
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Cosmography

sionless Hubble parameter E = H/H, on
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Cosmography

Dimensionless luminosity distance on
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Cosmography

sionless luminosity distance on logarithmic
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Cosmography?

Expansion on In(1 + z

dr(2) = Hi[lnu +2) + apIn2(1 + 2) + ag In3(1 + 2) + O(In(1 + 2))]
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3Risaliti, G., Lusso, E. 2019, Nat. Astron., 195
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Cosmography

o t1/2, radiation-dominated era

(%)
(1) o #2/3, matter-dominated era
e H(t)x 1/t

Expansion on ¢
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PAge approximation*

PAge

Parameterization based on the cosmic Age

Hubble parameter
MOy 2y, ) (L L)
HO 3 page HOt page

(2— 3poge 277)$+ 2;7
3Page Hoiegre

H(t)t = page +

deceleration parameter

3
n=1- §p§ge(1 + qO)

*Huang, Z. 2020, ApJL, 892, L28
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PAge approximation

PAge approximation
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Cosmography

ACDM model

H(t) = Hy/Qma3(H) + (1 — Q) = Ho/Qn(1+ 23+ (1 — Q)
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Hubble diagram

Supernovae
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Hubble diagram
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MCMC(In(1 + 2))
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MCMC(PAge)
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MCMC(2D posterior)
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MCMC(2D posterior)

Tension with ACDM

Sample log(1 + z) | PAge approximation
SNe 0.10 0.30
SNe+GRBs 1.90 3.20
SNe+Quasars 2.90 4.70
SNe+Quasars+GRBs 3.60 6.10

@ Unknown systematic error?
@ New physics beyond ACDM?
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Thanks for your attention!
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