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Standard Cosmology

• Expanding universe
• ɅCDM - accelerating universe with cold dark matter (CDM)
• Bottom-up structure formation
• Galaxies, galaxy clusters, larger cosmic structures
• Challenges



Redshift

𝒛 =
𝝀𝒐𝒃𝒔 − 𝝀𝒆𝒎𝒊𝒕

𝝀𝒆𝒎𝒊𝒕

𝟏 + 𝒛 =
𝝀𝒐𝒃𝒔
𝝀𝒆𝒎𝒊𝒕



The Possible Origins of 
the Redshift?





Tired Light
• Tired light is a class of hypothetical redshift 

mechanisms that was proposed as an 
alternative explanation for the redshift-distance 
relationship.
• The concept was first proposed in 1929 by Fritz 

Zwicky, suggesting that photons lost energy 
over time through collisions with other 
particles in a regular way.
• Tired light has been proposed as the Steady 

State cosmologies. 
Fritz Zwicky
1898 - 1974

https://en.wikipedia.org/wiki/Fritz_Zwicky
https://en.wikipedia.org/wiki/Fritz_Zwicky


"Tired-Light" Hypothesis Gets Re-Tired

Science/News, 2001



Hubble Law
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Helge Kragh, Journal of Astronomical History and 
Heritage, 20(1), 2–12 (2017). 







The Big Bang

https://www.science-sparks.com/



Implication of Big 
Bang Theory:

Cosmic Microwave 
Background (CMB)



In 1964, Arno Penzias and Robert Wilson at Bell Telephone 
Laboratories made their first measurement clearly showing 
the presence of the microwave background
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Cosmic Microwave Background 



Cosmic Microwave Background 
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CMB – PLANK

Class. Quantum Grav. 33 (2016) 18400119 January 2023 15



Standard Cosmology

• Expanding universe
• ɅCDM - accelerating universe with cold dark matter (CDM)
• Bottom-up structure formation
• Galaxies, galaxy clusters, larger cosmic structures
• Challenges



In 1932, Oort found that the mass obtained from 
the dynamics was three times greater than that of 
the luminous matter in Milky Way. Oort introduced 
the concept of “dark matter” for the first time.

Jan Oort
1900 - 1902

2022/11/01 Credit : NASA/JPL-Caltech/R. Hurt (SSC/Caltech)
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Computer Simulation
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Galaxy with Dark Matter Galaxy without Dark Matter 



In 1933, Zwicky discovered that the galaxies 
on the outskirts of the Coma Cluster were 
moving too fast, and the gravitational pull 
provided by the luminous matter was not 
sufficient to bind these galaxies.

Fritz Zwicky
1898 - 1974

Credit: NASA/JPL-Caltech/GSFC/SDSS

Coma cluster
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Flat Rotation Curve

→
𝒗𝟐

𝒓
=
𝑮𝑴
𝒓𝟐

→ 𝒗 ∝
𝟏
𝒓

𝒂 = 𝒈
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“Dark Matter” (DM)
• A hypothetical form of matter invisible to electromagnetic radiation, 

postulated to account for gravitational forces observed in the universe.
• Dark Matter Span 90 Orders of Magnitude in Mass.

• None has been directly 
    detected!

Beyond standard model in particle physics
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Modified Newtonian Dynamics (MOND)
Proposed by Milgrom in 1983

𝝁 𝐠𝒐𝒃𝒔
𝒂𝟎

𝐠𝒐𝒃𝒔 = 𝐠𝒃𝒂𝒓

i. as g'() ≫ a*, µ(
𝐠𝒐𝒃𝒔
𝒂𝟎

) ≈ 1

ii. as g'() ≪ a*, µ(
𝐠𝒐𝒃𝒔
𝒂𝟎

) ≈ 𝐠𝒐𝒃𝒔
𝒂𝟎

where 𝒂𝟎 = 𝟏. 𝟐×𝟏𝟎(𝟏𝟎𝒎𝒔(𝟐

Beyond Newtonian Dynamics and General Relativity
27 June 2023 22

MOND
Newtonian Dynamics
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Israeli Physicist
1946 -



more idea…
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Image: G. Bertone 
and T. M. P. Tait

Credit:
Stacy McGaugh



“Missing Mass Problem”
v Definitions of two accelerations:

                   Newton’s law                        Newton’s gravity

𝒈𝒐𝒃𝒔 ≡ −𝛁𝚽𝒐𝒃𝒔           =?            𝒈𝒃𝒂𝒓 ≡
𝑮𝑴𝒃𝒂𝒓(*𝒓)

𝒓𝟐

v Asumming 𝑔+,- = 𝑔,./,  mass discrepnacy is expected. 
   “dark matter” is introduced to resolve the insufficient baryonic mass.
v What if 𝒈𝒐𝒃𝒔 ≠ 𝒈𝒃𝒂𝒓? Acceleration discrepancy instead.
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Independent measurements 
for two-axis:

q Vertical axis (gobs)

𝐠𝐨𝐛𝐬 =
𝐕𝟐

𝐫

q Horizontal axis (gbar)

𝐠𝐛𝐚𝐫 =
𝐆𝐌𝐛𝐚𝐫(< 𝐫)

𝐫𝟐

𝐌𝐛𝐚𝐫 = 𝐌𝐬𝐭𝐚𝐫 +𝐌𝐠𝐚𝐬
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Radial Acceleration Relation

𝐥𝐨𝐠 𝒈𝒃𝒂𝒓 [𝒎 𝒔*𝟐]

𝐥𝐨
𝐠
𝒈 𝒐

𝒃𝒔
[𝒎

𝒔*
𝟐 ]

binned points

Residuals

The tight relation gives

𝐠𝒐𝒃𝒔 =
𝐠𝒃𝒂𝒓

𝟏 − 𝒆' ⁄𝐠𝒃𝒂𝒓 𝐠$

𝐠! = 𝟏. 𝟐𝟎 ± 𝟎. 𝟎𝟐 ×𝟏𝟎"𝟏𝟎𝒎𝒔"𝟐

The residuals of log(𝑔)*+)



Missing Mass in
Galaxy Cluster
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Brightest Cluster 
Galaxy (BCG)

X-ray gas

member galaxies

Galaxy Cluster: IDCS J1426

Credit: NASA/CXC/Univ of Missouri/M.Brodwin et al; NASA/STScI; JPL/CalTech19 January 2023

Components Mass fraction
Galaxies 1%
X-ray Gas 9%
Missing Mass 90%
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Gravitational Lensing
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Galaxy Clusters – Weak Lensing
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Lensing RAR on
Cluster Scales?
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𝐥𝐨𝐠 𝒈𝒃𝒂𝒓 [𝒎 𝒔*𝟐]

𝐥𝐨
𝐠
𝒈
𝒕𝒐
𝒕
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𝐠𝐭𝐨𝐭 = 𝐠𝐛𝐚𝐫 𝐠‡

𝐠‡=(2.0±0.1)×10-9	ms-2



Standard Cosmology

• Expanding universe
• ɅCDM - accelerating universe with cold dark matter (CDM)
• Bottom-up structure formation
• Galaxies, galaxy clusters, larger cosmic structures
• Challenges



Navarro–Frenk–White (NFW) Profile

Galaxy Clusters

Dwarf 
Galaxies

Cusp

𝝆(𝒓) =
𝝆𝑺

𝒓
𝒓𝑺
(𝟏 + 𝒓

𝒓𝑺
)𝟐

Universal 
density profile

J. Navarro, C. Frenk and S. 
White, APJ, 462, 563 (1996)
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Bottom-up Structure Formation 

In a bottom-up scenario, 
small, dwarf galaxy-sized 
lumps form first, then 
merger to make galaxies 
and clusters of galaxies.
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Image:
EAGLE simulation

Hierarchical growth
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Standard Cosmology

• Expanding universe
• ɅCDM – an accelerating universe with cold dark matter 

(CDM)
• Bottom-up structure formation
• Galaxies, galaxy clusters, larger cosmic structures
• Challenges



Galaxies

Dwarf galaxies                    Spiral galaxies                   Elliptical galaxies                  



Hubble Tuning Fork



ATLAS3D



Galaxies are believed to have formed through the merging of small 
galaxies and star clusters. Figure C shows large star clusters found at 
a distance of 5000 Mpc. They might be precursors of galaxies.

Galaxy Formation and Evolutions



Galaxy Formation and Evolutions

Images Credit:The IllustrisTNG Project www.tng-project.org



Gravitational Bound Systems

I. Solar Systems

I. Galaxies
v Dwarf Galaxies
v Spiral Galaxies
v Elliptical Galaxies

II. Cluster of Galaxies (Galaxy Clusters)
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Larger cosmic structures

• Superclusters
• Galaxy filaments form 

massive, thread-like 
structures on the order 
of millions of light-years. 
Computer simulation.



Challenges of Modern Cosmology

• Dark Matter and Dark Energy
• Cosmic Microwave Background (CMB) Anomalies
• Hubble Tension
•Massive Galaxies at high redshift



Hubble Tension

Whisker plot showing different measurements 
of the Hubble constant. The final measured 
Hubble constant of this paper was H0 = 74.2 
(the 5th line in the Lensing related, mass 
model-dependent section of this plot), which 
agrees with measurements from Cepheid stars, 
but disagrees with early Universe 
measurements from the CMB. [Figure 2 of Di 
Valentino et al. 2021]

https://ui.adsabs.harvard.edu/abs/2021CQGra..38o3001D/abstract
https://ui.adsabs.harvard.edu/abs/2021CQGra..38o3001D/abstract


James Webb Space Telescope (JWST)

Objectives:
• Observe the universe in infrared light for 

breakthrough discoveries
• Study star and galaxy formation, including 

early galaxies
• Investigate exoplanets and their 

atmospheres for signs of habitability

An artist’s impression of the James Webb Space 
Telescope. ESA/ATG medialab







Massive Galaxies at high redshift
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Haslbaruer et al. (2022), 
ApJL, 939, L31



Euclid	Space	Telescope
Euclid is a pioneering space telescope mission 
designed to unlock the mysteries of the universe.
Launch Date: 2023/7/1
Objectives:

• Map the universe’s large-scale structure to 
understand the nature of dark matter and 
dark energy.

• Study the formation and evolution of galaxies 
to unravel their cosmic history.

• Investigate the properties of dark matter and 
dark energy to shed light on their 
fundamental nature.



Remarks

• Expanding universe – Hubble Law
• ɅCDM – CMB, Supernovae, dark matter hypothesis
• Bottom-up structure formation – computer simulations
• Challenges: CMB Anomalies, Hubble Tension, Massive 

Galaxies at high redshift



Q&A
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In 1927, Belgian astronomer Georges Lemaître computed a solution to Einstein's 
equations and discovered that the universe is constantly expanding. 

In 1929, American astronomer Edwin Hubble found that galaxies further away 
from the Milky Way are receding faster.

Edwin Hubble
1889 - 1953
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Georges Lema tre
1894 - 1966
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CMB can also be explained by 
Relativistic MOND (RMOND)


