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HST Extreme Deep Field

1990-present 
4.5 , NIR-UV m2

STS-31

XDF: foreground (less than 5Gyr ago), background (5-9Gyr ago), and very far 
background galaxies (over 9 Gyr ago), showing galaxies that are, 
respectively, evolved, evolving and  relatively compact proto-galaxies with the 
earliest star formation. 

NASA, ESA, and Z. Levay, F. Summers (STScI) - http://hubblesite.org/
newscenter/archive/releases/2012/37/image/d/

http://hubblesite.org/newscenter/archive/releases/2012/37/image/d/
http://hubblesite.org/newscenter/archive/releases/2012/37/image/d/
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Hubble Legacy Field of the Evolving Universe
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Observations over 16 years, including the eXtreme Deep Field (XDF) in UV to NIR, showing 
about 260,000 galaxies over a time-window of 13.3 billion years.  
Credits: NASA, ESA, G. Illingworth and D. Magee (University of California, Santa Cruz), K. Whitaker (University of 
Connecticut), R. Bouwens (Leiden University), P. Oesch (University of Geneva) and the Hubble Legacy Field team.

Hubble Legacy Field of the Evolving Universe
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What’s in the Universe? 

http://www.sdss3.org/surveys/boss.php SDSS local galaxy survey

Extract estimates of energy and matter content from the CMB, large 
scale structure and individual galaxies 
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What’s in the Universe?

In exploring the Evolving Universe - with no counter part in a controlled laboratory 
experiment - we are mere visitors to the unknown. Expecting the unexpected!  

A word of caution: 

     (a) Copernicus principle: our solar system-centered daily experiences may or  
           may not be representative for what is out there on the large scale.  

     (b) Gravitation is the least understood of the fundamental interactions. As yet, it  
           falls outside the standard model of particle physics. 

Based on detailed analysis of the power-spectrum of the Cosmic Microwave 
Background, we learned the observable Universe is (essentially) three-flat:

Ωb + ΩM + ΩΛ + Ωr + Ων + ΩGW = 1

Observational uncertainty in this total sum is about 1%.



(c)2020 van Putten 8

Cosmological ingredients: Luminous and unseen

   Baryonic matter

                      Luminous matter: stars and gas in galaxies (“luminous baryons”) 
                      Sub-luminous (“dark baryons”) 

 Non-baryonic dark matter (DM) 

 Dark energy 

  electromagnetic radiation  

  neutrinos,   gravitational radiation 

Ωb =
ρb

ρc
:

ΩM =
ρM

ρc
:

ΩΛ =
ρΛ

ρc
:

Ωr =
ρr

ρc
:

Ων =
ρν

ρc
: ΩGW =

ρgw

ρc
:
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Galaxies are tracers of cosmology

Luminous matter is concentrated in galaxies 
(stars, gas, dust) including vast amounts of gas in 
the intergalactic medium in galaxy clusters.  

By energy, this at most 5% of the energy 
content of the Universe. 

VG

VH
= N ( R

RH )
3

≃ 10−3

By volume, recall the Hubble radius . Measured by light, 
galaxies of radius  collectively  take a volume 
fraction

RH = c/H ≃ 4Gpc
R ≲ 0.1 Mpc (N ≃ 1011)

R
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Baryogenesis 

Field theory predicts creation of matter and antimatter pair-wise for 
each fermion. 

Baryon number is difference between number of baryons and anti-
baryons. 

University has about 1 particle in  is a baryon. There are 
essentially no antibaryons. 

1010

Sakharov (1960): 

Baryon number was violated in the early universe 
Discrete symmetries were violated (charge, charge-parity (CP) 
Moment of no time-invariance at end of baryon number violation (out of thermal equilibrium

Well outside the SM of particle physics .. open problem.. 

Andrei Sakharov  
1921-1989



(c)2020 van Putten 11

Sensitively constrained by the 
observed D, He and Li abundances, 
since reaction rates scale with density 
squared. 

Observed abundances form strong 
constraints on the Big Bang theory.

Nucleosynthesis  

Accounts for most of baryonic 
matter in the Universe 

(Heavier elements were created 
later in stars, supernovae and 
mergers of compact objects)

Defines the potential for all luminous matter 
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Early galaxy protocluster (z = 4.3)

SPT2349-56: 14 galaxies merging 12.4 Gyr in the past. SFR x1000 SFR/Milky Way. [ALMA (ESO/NAOJ/NRAO). B. Xaxton (NRAO/AUI/NSF)]

Miller, T.B., et al. 2018, Nat. 556, 469 
https://public.nrao.edu/news/2018-alma-megamerger/#PRimage1
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Luminous matter 

A low surface brightness (LSB) galaxy UGC 477 (ESA/Hubble/NASA) 
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DM across multiple scales

Numerical simulation of the density of matter when the universe was 4.7 billion years old. Galaxies form 
in gravitational potential wells produced by dark matter. Quantitatively, this pattern requires dark matter 
to match observed power spectra in the large scale structure. (V. Springel et al. 2005, Nature, 435, 629)
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Summary

The evolving Universe coming out of the Big Bang is 
revealed by luminous matter in stars, gas, galaxies, 
galaxy clusters “organized” in large scale structure 

Remarkably, luminous baryonic matter is a mere 0.5% 
and, by volume, galaxies are mere tracer “particles” of 
the evolving cosmological spacetime 

The evolving Universe is driven by mass and energy 
mostly unseen.
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Luminous matter density

Ωstars,0h70 ≃ (2.9 ± 0.43) × 10−3h100

Ωstars,0h70 ≃ (1.6 ± 0.24) × 10−3h100

Kennicutt IMF

Salpeter IMF

Cole, S., et al., 2001, “The 2dF galaxy redshift survey: near-infrared 
galaxy luminosity functions,” MNRAS, 326, 255

Add a 10% fraction in gas (rel. to stellar mass):

ΩL,0 ≃ 0.32 % h−1
70

In turn, this is less than 10% of in 
the Lyα forest, star forming dwarf galaxies, 
halo stars and more

Ωb,0 ≃ 2 %



(c)2020 van Putten 18

Estimates from CMB power spectrum 

Ωb,0 = 0.048 ± 0.0005h−2
70

Acoustic peak 
in the CMB

http://background.uchicago.edu/~whu/
intermediate/score4.html
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Henri Poincaré (1906) speculated about  “matière obscure” in the Milky Way.  
Oort (1932) referred to "nebulous matter” in our Milky Way 
Zwicky (1933) referred to "dunkle (kalt) Materie” responsible for high velocity 
dispersion of galaxies in the Coma Cluster. 

That is, 암흑 물질… of unknown constitution.

What is CDM?

Bertone, G., & Hooper, D., 2018, RMP, 90, 045002:

Non-baryonic DM is (to be) non-interacting except for 
gravitational interactions

See also an instructive compilation by Siegel, E., 2016, https://
www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-

by-colliding-galaxy-clusters/#5b33ca0b3141

https://www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-by-colliding-galaxy-clusters/#5b33ca0b3141
https://www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-by-colliding-galaxy-clusters/#5b33ca0b3141
https://www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-by-colliding-galaxy-clusters/#5b33ca0b3141
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Reveals an excess in content in (non-luminous yet gravitating) mass by velocity 
dispersion based on Virial Theorem (Zwicky, F., 1937, ApJ, 86, 217)

Zwicky’s Coma Cluster 

Fritz Zwicky  
1898-1974

N.B. Like Hubble’s 
discovery of , 
Zwicke’s discovery 
of DM came with a 
bit of an over-
estimate by today’s 
more accurate 
measurements.

H0
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Bullet Cluster (1E 0657 ︎558, ): HSTz = 0.296

NASA/STScI; Magellan/U.Arizona/D.Clowe et al., of the Bullet Cluster.
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NASA/CXC/CfA/M.Markevitch et al. (SAO). 

Bullet Cluster: Chandra-X
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Dark Matter by Gravitational Lensing

Measure mass by its gravitational effect: lensing 

Assume the classical result: light bending in general relativity is twice 
the light bending in Newton’s theory.

Δφ =
2RS

b

Net deflection of light passing by a lens with Schwarzschild radius 

, with impact parameter  RS = 2Rg, Rg =
GM
c2

b



(c)2020 van Putten 24

Gravitational lensing

Huang, X., et al., 2020, ApJ, 894, 78 
335 new gravitational lenses in Dark Energy Camera Legacy Survey DECaLS using neural 
networks 
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The gravitational lensing map (blue) over optical and X-ray (pink). 
Lensing: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.

Bullet Cluster: gravitational lensing



(c)2020 van Putten 26

Clowe, D., et al., ApJ, 648, L109

Cluster Merger:  

Luminous mass in stars and X-ray-emitting plasma


Distribution of total mass-energy detected in lensing (tracing the net gravitational 
potential)


Distributions of uminous matter and total mass-energy appear segregated on the 
scale of tens of kpc. 


Total mass-energy appears to comprise two non-interacting components of 
baryonic and non-baryonic (dark) matter.

Interpretation

White bar: 200 kpc in the 
frame of the cluster. 
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Colliding galaxy cluster "El Gordo”, evidence of DM similar to that in the Bullet cluster. 
(NASA, ESA, J. Jee, J. Hughes, F. Menanteau, C. Sifon, R. Mandelbum, L. Barrientos, and K. Ng.

El Gordo (z = 0.87)
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Elsewhere

Segregated CDM by dislocated X-rays (pink) and gravitational potential (blue) 

[X-ray: NASA/CXC/UVic./A.Mahdavi et al. Optical/Lensing: CFHT/UVic./A. Mahdavi et al. (top left); X-ray: NASA/
CXC/UCDavis/W.Dawson et al.; Optical: NASA/ STScI/UCDavis/ W.Dawson et al. (top right); ESA/XMM-Newton/
F. Gastaldello (INAF/ IASF, Milano)/CFHTLS (bottom left); X-ray: NASA, ESA, CXC, M. Bradac (UCSB), and S. 
Allen (Stanford) (bottom right)]
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3D map of dark matter by  weak lensing. (Credit: University of Tokyo/NAOJ)  

29

Weak gravitational lensing
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Cosmological mass-energy budget*

Total energy density:  (three-flatness, based on CMB) 

Luminous matter  

Baryon density 

Ωtot ≃ 1.00

ΩL,0 ≃ 0.005

Ωb,0 ≃ 0.045

Baryonic matter (luminous and dark) and non-baryon cold dark matter satisfies 
the equation of state of a “cold fluid”:

ΩM =
ρM

ρc
, ρM = ρM,0(1 + z)3

*Energy in matter defined by a time-like world-line, distinct from radiation with non-zero, 
respectively, zero trace of the stress-energy tensor.
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Matter “seen and unseen, non-interacting” is found in large scale structure 
formation, galaxy formation, galaxy clusters and their gravitational interactions.  

A total of 

                                                 

is inferred directly and indirectly from  

ΛCDM analysis of the CMB power spectrum 

Power spectrum of large scale structure (various galaxy surveys, tracing BAO in 
CMB) 

Weak gravitational lensing

ΩM,0 ≃ 30 %

Summary



(c)2020 van Putten 32

The Evolving Universe


Matter seen, unseen and non-interacting


Galaxy rotation curves

Contents

W10.1

W10.2

W10.3



(c)2020 van Putten 33

Bosma, A., 1978, Ph.D. 
Thesis, Groningen

Flat galaxy rotation curves

Rubin, V.C., et al., 1978, ApJ, 225, L107 
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Siegel, E., 2016, https://www.forbes.com/sites/startswithabang/2016/09/19/dark-
matter-proved-real-by-colliding-galaxy-clusters/#1563a8e83141

Observed versus expected

https://www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-by-colliding-galaxy-clusters/#1563a8e83141
https://www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-by-colliding-galaxy-clusters/#1563a8e83141
https://www.forbes.com/sites/startswithabang/2016/09/19/dark-matter-proved-real-by-colliding-galaxy-clusters/#1563a8e83141
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Spectroscopy on galaxy rotation curves (Hα)

Genzel, R., et al.,2017, Nat., 543, 397 
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Spectroscopy-photometry on galaxy rotation curves

Spectroscopy (on stars, dust) 

α =
V2

r
Observed radial acceleration (circular orbits):

Mb

Photometry (M/L constant) Expected radial acceleration based on 
, Newton’s theory of gravitation and 

Newton’s 2nd law (constant inertia)
Mb

aN =
V2

b

r

aN =
GMb

r2

Baryonic matter content
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Famae, B., & McGaugh, S.S., 2012, Liv. Rev. Rel., 15, http://
www.livingreviews.org/lrr-2012-10  

Normalized stacking  

Raw data: α vs r

Expected acceleration aN

Radius from galactic center, r

  
α
aN

  
α
aN

http://www.livingreviews.org/lrr-2012-10
http://www.livingreviews.org/lrr-2012-10
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Newtonian spacetime?

Hubble expansion brings along a de Sitter scale of 
acceleration .  

For a galaxy with gravitational radius , 
Newtonian gravitational acceleration  

                            

     drops below  beyond a transition radius 

                          . 

adS = cH

Rg = GM/c2

aN =
GM
r2

= Rg ( c
r )

2

adS

rt = RGRH = 4.4 h−1/2
73 kpc

(van Putten, 2017, ApJ, 848, 28)

Big Bang 

ℋ
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Newtonian spacetime volume

The mass  of all galaxies defines a  
    gravitational radius , satisfying  

               .  

     Recall that the Hubble radius is the   
     Schwarzschild radius of all mass-energy in  
     the Universe. 

“Newtonian spacetime volume”   is tiny,

NM
RG = NRg

RG ≤
RH

2

VN (aN > adS)

rt

VN

VH
=

rt

RH ( RG

RH ) ≤
rt

2RH
≃ 10−5 %



(c)2020 van Putten 40

Anomalous galaxy dynamics 
α > adS : α = aNα < adS : α > aN

Evidence for  
galaxy dynamics 

across   

C0

adS

Newtonian dynamics

van Putten, 2017, ApJ, 837, 22  
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6σ discrepancy in ΛCDM and SPARC -galaxy dynamicsC0

ΛCDM galaxy 
models

SPARC data on 
rotation curves

6σ at aN = adS

aN

α
=

1
2

+
1
4

+
1
x

+
1

x
, x = 4πζ

Van Putten, 2018, MNRAS, 481, L26
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Mass scales of a putative CDM particle?

Based on galaxy rotation curves, various approaches have been 
proposed to infer a mass of a putative DM particle, all of them fairly 
speculative. 

The sharp transition across  poses a novel challenge, since 
any DM particle distribution with de Broglie wave-lengths less than  
produces a smooth DM distribution (see ΛCDM galaxy model results). 

The transition may be accounted for by reduced inertia at , 
leaving a very light DM particle(s) (de Broglie wave length greater than ) 
to account for large scale DM distributions in galaxy clusters, large scale 
structure formation and cosmological evolution. 

Various approaches are being actively pursued by theorists - stay tuned!

C0− aN = adS
rt

C0− aN < adS
rt
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CDM everywhere?

Dwarf Galaxy NGC 1052-DF2

Ultra-Diffuse Galaxies with no DM?

MTME ≃ Mstars ∼ 108M⊙

Van Dokkum, P., et al., 
2019, ApJ, 874, L5

DF4

DF2
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Summary

Dark matter needed across multiple scales: on the Hubble scale, the scale of 
large scale structure formation and galaxy clusters.  

A “must” for DM for galaxies is less clear-cut: (1) a 6σ discrepancy between 
ΛCDM galaxy models and SPARC rotation curve data; (2) UDG’s appear to exist 
with no DM. 

Crucially: 
       - Observations on dark matter appear in dynamics and light bending  
       below the de Sitter scale of acceleration  
       - Quite generally, dark matter appears needed when we assume Newton’s  
       theory and Einstein’s theory for lensing. 
  

If gravitation - including inertia - is different below , then our dark matter 
interpretation requires a major revision, e.g. perhaps inertia is a tensor tracing 
the de Sitter scale of the background cosmology. 

Even with all DM taken into account, we are still short of 70% in energy - the 
mystery deepens!

adS = cH

adS


