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The  Standard  Modell  of  Cosmology  (SMoC) 

observations

for e.g.

 galaxy

rotation

curves

WMAP:  NASA public domain
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The  Standard  Modell  of  Cosmology  (SMoC) 

Note:  "dark  matter"   =   cold,  warm,  fuzzy,  axion

(results  for  structure  formation  and  properties  of  galaxies  similar)

(eg. May  &  Springel  2021 arXiv)
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the  Big Bang. 
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The expanding Universe. Image credit: Rhys Taylor
https://blogs.cardiff.ac.uk/physicsoutreach/2019/04/02/pythagorean-astronomy-flying-space-shrapnel-and-a-misbehaving-universe/
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In  the  SMoC

galaxies  grow  mostly  through  


mergers

Pavel Kroupa: Bonn & Charles University, Praguehttps://www.physics.uci.edu/~stewartk/research.html
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mergers

. . .   why ?

(Stewart et al. 2008)
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. . .   and  why  then  are  most  

real  galaxies  


ancient  thin  disk  galaxies ?
--->  Haslbauer, Banik  et al.  2022

. . .   and  why  then  do   

real  elliptical  galaxies  


form  in  <1Gyr  and  extremely early ?
--->  Yan, Jerabkova+21;  Eappen+2022, 2024

Why  don't  two   passing  stars  merge ?
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For  Einsteinian  gravitation  to  

be  valid,  dark  matter  particles


absolutely  must  exist.



Pavel Kroupa: Bonn & Charles University, Prague8

But  does  dark  matter  even  exist ?

For  Einsteinian  gravitation  to  

be  valid,  dark  matter  particles
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How  can  

we  test   for  


dark  matter ?

But  does  dark  matter  even  exist ?

For  Einsteinian  gravitation  to  

be  valid,  dark  matter  particles


absolutely  must  exist.
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How  can  one  test  for  the  existence  of  dark  matter ?
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We  do  know  some  of  the  properties  dark  matter  particles  must  have :
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Otherwise : 

- galaxies  would  look  different   (e.g.  E  galaxies  in  galaxy  clusters),

- pre-CMB  structure  formation  would  be  incompatible  with  the  CMB,  and

- no  trace  of  a  dark  matter  particle  has  been  found  in  any  experiment  

  despite a  very  large  world-wide  40-yr-long  effort  under, on, and above  the 

  ground. 

e.g.  Gnedin & Ostriker 2001
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Otherwise : 

- galaxies  would  look  different   (e.g.  E  galaxies  in  galaxy  clusters),
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By  applying  Chandrasekhar  dynamical  friction ! Kroupa  2015

Oehm & Kroupa 2024
decisive  test !



10

The  SMoC  predicts

each  galaxy  to  be  in  a  massive  very  extended


dark  matter  halo.

Pavel Kroupa: Bonn & Charles University, Prague
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For   a  given  galaxy,

its   dark-matter  halo  is  thus  known


(within  a  well specified  range  of  properties)
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The  SMoC  predicts  a  new  phenomenon :
If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.

Pavel Kroupa: Bonn & Charles University, Prague
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The  SMoC  predicts  a  new  phenomenon :
If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.

Pavel Kroupa: Bonn & Charles University, Prague

The  situation :

⃗vM
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If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.

Visualisation (integrate  over  all  satellite--DM-particle  

encounters)
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If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.
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encounters)

dark  matter  wake
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If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.

Visualisation (integrate  over  all  satellite--DM-particle  

encounters)
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!vM

eg.  Binney  &  Tremaine  (1987):  "Galactic Dynamics"
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eg.  Binney  &  Tremaine  (1987):  "Galactic Dynamics"

dark  matter  wake

The  SMoC  predicts  a  new  phenomenon :

This  test

insensitive 

to mass, m,

of  


dark  matter

particle

Pavel Kroupa: Bonn & Charles University, Prague
fixed  by  the  CMB / SMoC


(cannot  be  adjusted)
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The  situation :

Thus,  if  there  is  dark  matter,  then  there  must  be  

Chandrasekhar  dynamical  friction.

Pavel Kroupa: Bonn & Charles University, Prague

⃗vM
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Thus,  essentially :

Prediction  of  new  phenomenon :
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Prediction  of  new  phenomenon :
Thus,  essentially :
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Prediction  of  new  phenomenon :

And  this  is

why  galaxies


merge,

Thus,  essentially :
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Prediction  of  new  phenomenon :

And  this  is

why  galaxies


merge,

but  only 
in  the  dark 

matter  theory

Thus,  essentially :

Pavel Kroupa: Bonn & Charles University, Prague



Wetzstein, Naab & Burkert 2007

Newtonian  plus  dark matter  calculations  of  the  encounter  
of  two  disk  galaxies
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e.g.  Binney  &  Tremaine  1987  -  textbook

Chandrasekhar  dynamical  friction

is  very  well  understood.

Pavel Kroupa: Bonn & Charles University, Prague
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For   a  given  galaxy,

its   dark-matter  halo  is  thus  known


(within  a  well specified  range  of  properties)
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They  must  have  fallen-in --  so,  are  there  infall  solutions ?
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Orbits  of  satellite  galaxies
Chandrasekhar  dynamical  friction :
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Note : the inner region of a satellite is affected by tides after significant 
tidal destruction of its outer parts 


(Kazantzidis et al. 2004).

I.e.  the  baryonic  content (i.e. LV)  is  a  measure  of  


the  DMhalo  mass  according to LCDM  theory. 

Angus  et al. 2011

LV (L⊙)

15.5 × 106

0.29 × 106
2.2 × 106

0.43 × 106
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Orbits  of  satellite  galaxies
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Case  in  point:

The  orbits  


of  the  

Large  (LMC)  


and  

Small  (SMC)   


Magellanic  Clouds



29

Magellanic  clouds 

Magellanic  Stream  began  to  form  

about   1-2Gyr  ago

Credit: NASA/D. Nidever

e.g.  Wang, Hammer...+2022

Pavel Kroupa: Bonn & Charles University, Prague
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The  frictional  deceleration   of  the  

LMC / SMC  orbital   motion 


due  to  Chandrasekhar 

dynamical  friction


is  comparable 

to  the  


gravitational  attraction  

between  the two. 

Pavel Kroupa: Bonn & Charles University, Prague
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                                 SMC-LMC = 20kpc 
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4  over  the  past 3Gyr !
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such  that  LMC  and  SMC  had  an  encounter   between  1 and 4 Gyr  ago  with a separation  of  20kpc  or  smaller. 
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(Gaia  data). 
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Testing  for  the  existence  
of


Dark  Matter 


via  


Chandrasekhar  
dynamical  friction
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With  galaxy  bars



 Pavel Kroupa:  Charles University in Prague / University of Bonn36

Bars  slow  down  due  to  dynamical  friction  on  DM  halo
Chandrasekhar  dynamical  friction :

NGC1300 - Hubble/Wikipedia
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Bars  slow  down  due  to  dynamical  friction  on  DM  halo

dark  matter  wake

Chandrasekhar  dynamical  friction :
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Bar  rotates  like  rigid  body,

it's  length  thus  is  measure  of 

rotation  speed.

galaxy  rotation  curve
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no  dark  matter  halos
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Chandrasekhar  dynamical  friction :

All  tests  performed  demonstrate 

 


with  >>5 sigma  confidence 


that  dark  matter  halos  

made  of  particles


of  any  mass  

are  ruled  out.



Pavel Kroupa: Bonn & Charles University, Prague43

Other  tests,  


not  based


on  

Chandrasekhar  dynamical


friction 
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If  there  is  no  C/W  dark  matter,  

then  Newtonian / Einsteinian  gravitation  ought  
to  break  down,  

no ?
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Ṁcluster < 0

Pavel Kroupa: Bonn & Charles University, Prague

Open  star  clusters  

as  tests  of  


gravitational  theory
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Open  star  clusters  as  tests  of  gravitational  theory

How  do  star  clusters  loose  their  stars ?
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Oh  & Kroupa,   2016,  A&A, 590, A107 
MSUQ_SP_3000_30pc

Pavel Kroupa: Bonn & Charles University, Prague
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Oh  & Kroupa,   2016,  A&A, 590, A107 
MSUQ_SP_3000_30pc       Nbody  models

Pavel Kroupa: Bonn & Charles University, Prague

Ejection



Monoceros  R2  cluster
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(Carpenter  et  al.  1997, AJ 114, 198)
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Assume,  for  simplicity :

50

the  cluster  consists  of  single  stars   

of  equal  mass  m.

Pavel Kroupa: Bonn & Charles University, Prague

Evaporation
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Pavel Kroupa: Bonn & Charles University, Prague51

Evaporated  stars  

leave  their


open  clusters

through 


tidal  tails
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New   method  developed  by  Tereza  Jerabkova  in  2021

allowing  the  tidal  tails  of  open  clusters  to  be  mapped 


to  their  tips.
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New   method  developed  by  Tereza  Jerabkova  in  2021

allowing  the  tidal  tails  of  open  clusters  to  be  mapped 


to  their  tips.

The  Jerabkova  Compact  Convergent  Point  (CCP)  method.

(Jerabkova et al. 2021)
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https://www.cosmos.esa.int/web/gaia/iow_20221026

Hyades

MOND  simulation

Gaia  data

(Kroupa, Jerabkova et al. 2022)

pc

pc

The  asymmetry  in  

number  of  stars


between  leading  and  trailing  tail

is  a  6.5sigma  deviation


from  Newtonian  predictions.

(Jerabkova et al. 2021)
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Consistency  of  test  results :

Falsification  of  cold  and  warm  dark  matter   particles

(dynamical  friction  test  on  100kpc  scale)

Gravitational  potential  cannot  be  Newtonian

The  tidal  tail  asymmetry  confirms  this !

The  evaporation  of  stars  from  their  star  clusters 

unambiguously

compellingly


absolutely 

falsify  Newtonian  gravitation
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Pavel Kroupa: Bonn & Charles University, Prague
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the  Local  Group"
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and  Andromeda

Everything  we  know  
about  the  Local  
Group  today : 

Pavel Kroupa: Bonn & Charles University, Prague
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Kroupa 2015

KBC  void  and  Hubble  Tension

z = 0.2

The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague
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Strong  evidence  for  highly  significant  

over-  and  under-densities  in  galaxy-cluster data

Migkas &  Reiprich  (2018);  Migkas  et al. (2021)
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on  distribution of 106  quasars Secrest+... Sarkar et al.  (2021)

Kroupa 2015
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The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague
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KBC  void  and  Hubble  Tension
The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague
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The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague
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Haslbauer, Banik & Kroupa  2020
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KBC  void  and  Hubble  Tension
The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague
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The  KBC  Void   +  Hubble  Tension
Haslbauer,  Banik  &  Kroupa  2020
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The  KBC  Void   +  Hubble  Tension
Haslbauer,  Banik  &  Kroupa  2020

Difference  of   >6 sigma

KBC  void  and  Hubble  Tension
The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague

Not  SMoC  at    confidence .> 6 σ
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Haslbauer, Banik & 
Kroupa  2020 ;


Mazurenko, Banik

et al. 2023

The  Cosmological   Scale
KBC  void  and  Hubble  Tension

Pavel Kroupa: Bonn & Charles University, Prague
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et al. 2023
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there  exists  no  Hubble  Tension !!!

Pavel Kroupa: Bonn & Charles University, Prague
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Mazurenko, Banik

et al. 2023
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correctly  predicted  
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Mazurenko, Banik  et al. 2023

---->  talk  by  Indranil Banik

on  Wed.
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being  entirely  off   the  table,


being  fundamentally  irrelevant,

being  the  completely  wrong  and  invalid  description  of  cosmological  physics

This  is  an  active  area  of  research  in

Bonn &  Prague &  Nanjing 
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---  dark  matter  does  not  exist
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The  molecular  forces  in  the  fabric  begin  to play  a  
role  and  the  system  shifts  from  bulk  properties  to  

molecular-based  behaviour.  

Pavel Kroupa: Bonn & Charles University, Prague
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⃗∇ ⋅ ( | ⃗∇Φ |
ao )

p−2 ⃗∇ Φ
a0

= 4πG
ρ
a0

p=2  
Newtonian  gravitation

standard  Poisson  equation  above

p=3  
which  gravitational  dynamics ?

non-standard  Poisson  equation

Sufficiently  far  from    can  assume  spherical  
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Yes :  Bekenstein & Milgrom 1984  =  AQUAL    (related  to  the  p=Laplacian)
Milgrom 2010  =  QUMOND    (based on  the  concept  of  phantom  dark  matter)

Relativistic formulation :  Skordis & Zlosnik (2021, 2020)

Reviews :  Sanders (2007, 2009a, 2009b, 2015)

Scarpa (2006)

Famaey & McGaugh  (2012)

Trippe (2014, ZNatA)

Milgrom (2014,  Scholarpedia)

Banik & Zhao (2022, Symmetry)

(see  Kroupa et al. arXiv2309.11552  for  these)


