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I)The  inflation + cold/warm  dark-matter + dark-energy   
    Newtonian/Einsteinian  standard  model  of  cosmology    (LCDM)

II)The  inflation + cold/warm  dark-matter + dark-energy  
     Milgromian  nuHDM model  of  cosmology (the  nuHDM model)

III)The  inflation + cold/warm  dark-matter + dark-energy    
     Bohemian  model  of  cosmology    (the BMoC)

 =  a  model  that  has  equations  of  motion such  that  galaxy  formation  and  
evolution  with  star  formation  can  be  computed .

model
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Outline :
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I)The  inflation + cold/warm  dark-matter + dark-energy   
    Newtonian/Einsteinian  standard  model  of  cosmology    (LCDM)

II)The  inflation + cold/warm  dark-matter + dark-energy  
     Milgromian  nuHDM model  of  cosmology (the  nuHDM model)

III)The  inflation + cold/warm  dark-matter + dark-energy    
     Bohemian  model  of  cosmology    (the BMoC)

 =  a model  that  has  equations  of  motion  and  which  can  be  put  into  the   
computer  with  star  formation  to  compute  the  formation  of  galaxies.

model

SimplER

Pavel Kroupa: Bonn & Charles University, Prague4

I)  The   LCDM  model 
(Standard Model of Cosmology) 

Newtonian / Einsteinian  gravitation 
with  inflation 
with  dark  matter 
with  dark  energy
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In  the  LCDM  model 
galaxies  grow  mostly  through   

mergers

. . .   why ?

(Stewart et al. 2008)

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

. . . due  to   
Chandrasekhar  dynamical  friction 

on  the  dark  matter  halos 
(see  below)

6
Pavel Kroupa: Bonn & Charles University, Prague

Do  the   observed  (real)  E  galaxies  contain  stellar  populations  with  the  predicted   
large  spread  of  ages ?

No ! 
Eappen  et al. 2022 :

Recchi & Kroupa 2009 Thomas  et al. 2005 
McDermid et al. 2015

(orange  points  are  central  galaxies  
in  the  LCDM   simulations)

Thomas  et al. 2005
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Eappen  et al. 2022 :

Recchi & Kroupa 2009 Thomas  et al. 2005 
McDermid et al. 2015

(orange  points  are  central  galaxies  
in  the  LCDM   simulations)

Thomas  et al. 2005

Pavel Kroupa: Bonn & Charles University, Prague

No ! 

This  is  in  >  tension  with  E  galaxies  that  form  in  a  LCDM  model  universe  (Eappen  et al. 2022) .5 σ

Do  the   observed  (real)  E  galaxies  contain  stellar  populations  with  the  predicted   
large  spread  of  ages ?

8

ab qsky = b
a

Pavel Kroupa: Bonn & Charles University, Prague

Does  the  LCDM  produce  mostly  disk  galaxies  ?
No ! 
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LCDM   falsified  with  >13 sigma.
ab qsky = b

a

(Haslbauer  et al. 2022)

Pavel Kroupa: Bonn & Charles University, Prague

Does  the  LCDM  produce  mostly  disk  galaxies  ?
No ! 

10

LCDM   falsified  with  >13 sigma.
ab qsky = b

a

(Haslbauer  et al. 2022)

Pavel Kroupa: Bonn & Charles University, Prague

Does  the  LCDM  produce  mostly  disk  galaxies  ?
No ! 
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Pavel Kroupa: Bonn & Charles University, Prague

elliptical  
galaxy

LCDM  thus   
predicts  a completely  wrong  fraction   

of  elliptical  galaxies  
and  the  stellar  ages  in  real  elliptical  galaxies  are   

completely  different  (>12Gyr). 

Eappen  et  al.  2022
Delgado-Serrano  et  al.  2010

Haslbauer   et  al.  2022

Both  failures  of   LCDM   are   
individually  at    confidence> 5σ

Thus,  the  galaxy  population

total disagreement

In  LCDM,  stars  in  model  elliptical  galaxies   have  ages 
ranging  from  <1Gyr  to 13Gyr   

disk 
galaxy

disk 
galaxy

In  the  real  Universe,   most  (>90 %)  of  all  galaxies  are  
extended  thin  disk  galaxies.

In  the  real  Universe,   elliptical  galaxies  make  < 5% 
in  number  which   is   nearly  constant  over  half  the  
lifetime  of  the  Universe.

and  most  model  galaxies  are  spheroidal  (elliptical-like),   
due  to  the  buildup  through  many  mergers.

12
Pavel Kroupa: Bonn & Charles University, Prague

elliptical  
galaxy

disk 
galaxy

disk 
galaxy

The  merger-driven  buildup 
of  galaxies  in  LCDM 

is  in    disagreement 
with  the  observed  population  

of  galaxies.

≫ 5σ
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elliptical  
galaxy

LCDM  thus   
predicts  a completely  wrong  fraction   

of  elliptical  galaxies  
and  the  stellar  ages  in  real  elliptical  galaxies  are   

completely  different  (>12Gyr). 

Eappen  et  al.  2022
Delgado-Serrano  et  al.  2010

Haslbauer   et  al.  2022

Both  failures  of   LCDM   are   
individually  at    confidence> 5σ

The  galaxy  population

total disagreement

In  the  LCDM,  stars  in  model  elliptical  galaxies   have  ages 
ranging  from  <1Gyr  to 13Gyr   

disk 
galaxy

disk 
galaxy

In  the  real  Universe,   most  (>90 %)  of  all  galaxies  are  
extended  thin  disk  galaxies.

In  the  real  Universe,   elliptical  galaxies  make  < 5% 
in  number  which   is   nearly  constant  over  half  the  
lifetime  of  the  Universe.

and  most  model  galaxies  are  spheroidal  (elliptical-like),   
due  to  the  buildup  through  many  mergers.

Immediate  

violation  of  L
CDM  ???

Pavel Kroupa: Bonn & Charles University, Prague14

How  can   
we  test   for   

dark  matter ?

If  LCDM  is  falsified, 
then  what  about   

dark  matter ?

Does  it  even  exist ?
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If  dark  matter  is  falsified, 
then  Einstein-based  cosmology 

breaks  down  completely.

CMB  peaks  kaputt
No  structure  formation

Galaxies  would  fly  apart
Galaxy  groups  would  fly  apart
Galaxy  clusters  would  fly  apart

16

How  can  one  test  for  the  existence  of  dark  matter ?

By  construction  of  the  standard  cold-  or  warm-dark  matter  models, 
the  dark  matter  particle  interacts  only  gravitationally  with  ordinary  matter.

Any  finite  interaction  cross  section   
with  dark-matter  particles   

and  particles  from  the  Standard  Model  of  Particle  Physics 
must  be  negligible : 

How  can  one  test  for  the  existence  of   such  a  dark  matter  particle  ?
Pavel Kroupa: Bonn & Charles University, Prague

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  effort  under,  on,  and  above  the ground. 

e.g.  
Gnedin & Ostriker 2001
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The  LCDM  model  predicts 
each  galaxy  to  be  in  a  massive  very  extended 

dark  matter  halo.

This  is  due  to  each galaxy  growing   
through  many  mergers. 

Pavel Kroupa: Bonn & Charles University, Prague

� 250 kpc

(Diemand et al. 2008) 18 Pavel Kroupa: Bonn & Charles University, Prague

(Stewart et al. 2008)



                                  Astrophysics of Galaxies VIII:  LG

� 250 kpc

(Diemand et al. 2008) 19 Pavel Kroupa: Bonn & Charles University, Prague

(Stewart et al. 2008)

Sales,  Navarro  et al. 2017, MNRAS, "The low-mass end of the baryonic Tully–Fisher relation"  (EAGLE  simulation)
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The  LCDM  model  predicts 
each  galaxy  to  be  in  a  massive  very  extended 

dark  matter  halo.

This  is  due  to  each galaxy  growing   
through  many  mergers. 

For a  galaxy  with  
a  mass  Mbar  in  

stars + gas, 
LCDM  predicts  
the  properties 

of  its  dark  
matter  halo.

For   a  given  galaxy, 
its   dark-matter  halo  is  thus  known 

(within  a  well specified  range  of  properties)
Pavel Kroupa: Bonn & Charles University, Prague
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Given  these  properties, 
we  can  test  if  the  observed    

satellite  galaxies   
(e.g. around  our  Milky  Way) 
comply  with  these 
in  terms  of  their   

ages,  stellar  masses,   position  and  velocity  vectors.

For   a  given  galaxy, 
its   dark-matter  halo  is  thus  known 

(within  a  well specified  range  of  properties)

As  the  satellite  galaxy  orbits,  
it  induces  a  wake  of  dark  matter  particles  behind  itself, 

and  this  leads  to   
Chandrasekhar  dynamical  friction, 

the  strength  of  which  depends  on  the   
total  mass  of  the  satellite  galaxy. 

They  must  have  fallen-in --  so,  are  there  infall  solutions ?

Pavel Kroupa: Bonn & Charles University, Prague

Pavel Kroupa: Bonn & Charles University, Prague

Testing  for  the  existence  
of 

Dark  Matter  

via   

Chandrasekhar  
dynamical  friction

22
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In  the  LCDM  model,   
the  observed  satellite  galaxies  must  have  fallen-in.  

That  is,  they  must  have  come  in  from  a  large  distance 
and  get  "stuck"  (through  dynamical  friction) 
in  the  dark  matter  halo  of  the  Milky  Way 

Pavel Kroupa: Bonn & Charles University, Prague

The  problem :

So,  are  there  infall  solutions   
for  the  observed  satellite  galaxies   

of  the  Milky  Way  ?

24

LCDM  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)

Pavel Kroupa: Bonn & Charles University, Prague

⃗vM

LCDM  predicts  a  new  phenomenon :
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If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.

Visualisation (integrate  over  all  satellite--DM-particle   
encounters)

d!vM

dt
= −

4 πlnΛG2 (M + m) ρ0 m

v3
M

[

erf(X) −
2 X
√

π
e−X

2

]

!vM

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

dark  matter  wake

Pavel Kroupa: Bonn & Charles University, Prague

LCDM  predicts  a  new  phenomenon :
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If  there  is  dark  matter,  then  there  must  be  Chandrasekhar  dynamical  friction.

Visualisation (integrate  over  all  satellite--DM-particle   
encounters)

d!vM

dt
= −

4 πlnΛG2 (M + m) ρ0 m

v3
M

[

erf(X) −
2 X
√

π
e−X

2

]

!vM

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

dark  matter  wake

This  test

insensitive 

to mass, m,

of  


dark  matter

particle

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

(cannot  be  adjusted)

LCDM  predicts  a  new  phenomenon :

28

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 :

dark  matter  wake

Pavel Kroupa: Bonn & Charles University, Prague
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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

Pavel Kroupa: Bonn & Charles University, Prague
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e.g.  Binney  &  Tremaine  1987  -  textbook

Chandrasekhar  dynamical  friction 
is  very  well  understood.

Pavel Kroupa: Bonn & Charles University, Prague



Sales,  Navarro  et al. 2017, MNRAS, "The low-mass end 
of the baryonic Tully–Fisher relation"  (EAGLE  simulation)
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Orbits  of  satellite  galaxies
Chandrasekhar  dynamical  friction :

Pavel Kroupa: Bonn & Charles University, Prague

MDMhalo < 5 × 109 M⊙

observed  stellar  masses needed  DMhalo  masses  for  infall

MDMhalo > 1010 M⊙incompatible

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

Sales,  Navarro  et al. 2017, MNRAS, "The low-mass end 
of the baryonic Tully–Fisher relation"  (EAGLE  simulation)

34

Orbits  of  satellite  galaxies
Chandrasekhar  dynamical  friction :

no  LCDM  infall  solutions

excluded  by   
observational 

data.

Pavel Kroupa: Bonn & Charles University, Prague

Angus  et al. 2011

MDMhalo < 5 × 109 M⊙

observed  stellar  masses needed  DMhalo  masses  for  infall

MDMhalo > 1010 M⊙incompatible

LV (L⊙)

15.5 × 106

0.29 × 106
2.2 × 106

0.43 × 106

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. 

no  dark  matter  halos



Pavel Kroupa: Bonn & Charles University, Prague35

Case  in  point: 
The  orbits   

of  the   
Large  (LMC)   

and   
Small  (SMC)    

Magellanic  Clouds

36

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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Oehm+ Applied  to  the  SMC   and  SMC  

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

38 Pavel Kroupa: Bonn & Charles University, Prague
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Massana  et al. 2022
The  LMC  and  SMC  have  

peaks  in  the  SFRs   
at  very  similar  times 

because  of  their  orbits   
about  each  other. 

This  constrains  the   
number  of  close  encounters 

the  SMC  had  with  the  LMC 

Pavel Kroupa: Bonn & Charles University, Prague
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The   LMC  and SMC  have  dark-matter  halos   
according  to  the  LCDM  model  and   

are  integrated  backwards  in  time 
(i.e.   "the   friction  leads  to  an  acceleration)  

assuming  their   observed  position  and  velocity 
vectors 

(Gaia  data). 

No  solution  of 
SMC-LMC  orbit 

that  explains  
the  synchronised 

star-formation  
history.

A  solution  of   
the   

SMC / LMC / MW   
system  is   

not  possible  in  the   
LCDM  model. 

Pavel Kroupa: Bonn & Charles University, Prague
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Chandrasekhar  dynamical  friction :
Other  applications  of  

Roshan,  Ghafourian  et al.  2021

Existence  of   dark  matter  halos 
falsified  with    confidence> 5σ

100 kpc

The  observed  configuration  of   
the  M81  group  of  galaxies 

cannot  exist  in  LCDM
Yun  1999


Thomson, Laine & Turnbull 1999

Oehm et al. 2017; 2018

The  bars  of  galaxies  are  too  long 10 kpc

Pavel Kroupa: Bonn & Charles University, Prague

no  dark  matter  halos

Pavel Kroupa: Bonn & Charles University, Prague42

Other  tests,   
not  based 

on   
Chandrasekhar  dynamical 

friction 



Pavel Kroupa: Bonn & Charles University, Prague43

The  homogeneity  (1 in 10-5)  of  the   cosmic  microwave  background  radiation  (CMB)  ==>  smoothness  at  z=1100

In  LCDM ,  the   galaxy  dark  matter  halos  and  galaxy  groups  are  spheroidal   
and  the  model universe  is  very  smooth   

(isotropic  and  homogeneous  on  scales  > 100Mpc)

  How  spheroidal  are  real  groups  and   
how  homogeneous  and  isotropic  is  the  real  Universe ?

Pavel Kroupa: Bonn & Charles University, Prague44

Observed :

A)  The   crystal-like Pawlowski  et al. (2013)  structure  of  the  Local  Group  of  Galaxies 
       (                 /  the  PKJ  structure)  ≈ 3 Mpc
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Frighteningly  symmetric  structure  of  the  Local  Group
Structure  of  and  correlations  in  Local  group

Pawlowski,  Kroupa &  Jerjen   (2013) :

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Everything  we  know  
about  the  Local  
Group  today : 

Looking  along  the  line 
between  Milky Way 

and  Andromeda

Pavel Kroupa: Bonn & Charles University, Prague
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Pawlowski,  Kroupa &  Jerjen   (2013) :

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Frighteningly  symmetric  structure  of  the  Local  Group
Structure  of  and  correlations  in  Local  group

Looking  along  the  line 
between  Milky Way 

and  Andromeda

Everything  we  know  
about  the  Local  
Group  today : 

Pavel Kroupa: Bonn & Charles University, Prague

by  Eda  Gjergo -- see  Kroupa  et al. 
2023,  Corfu proceedings
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Pawlowski,  Kroupa &  Jerjen   (2013) :

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Frighteningly  symmetric  structure  of  the  Local  Group
Structure  of  and  correlations  in  Local  group

Looking  along  the  line 
between  Milky Way 

and  Andromeda

Everything  we  know  
about  the  Local  
Group  today : 

Pavel Kroupa: Bonn & Charles University, Prague

by  Eda  Gjergo -- see  Kroupa  et al. 
2023,  Corfu proceedings
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A frightening   
symmetry
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NOT  LCDM  at          sigma<latexit sha1_base64="TrvWh5UxyfSxy0vUZbvaX/54KKY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKldOqu6MZlBfuAdiiZNNPGZpIhyQhl6D+4caGIW//HnX9j2o6gogcuHM65l3vvCRPOtEHowymsrW9sbhW3Szu7e/sH5cOjjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244vVr43XuqNJPi1swSGsR4LFjECDZW6gyYiMxsWK4g96JRR74HkYuWsMTzfL9WhV6uVECO1rD8PhhJksZUGMKx1n0PJSbIsDKMcDovDVJNE0ymeEz7lgocUx1ky2vn8MwqIxhJZUsYuFS/T2Q41noWh7Yzxmaif3sL8S+vn5qoEWRMJKmhgqwWRSmHRsLF63DEFCWGzyzBRDF7KyQTrDAxNqCSDeHrU/g/6VRdr+6im1qleZnHUQQn4BScAw/4oAmuQQu0AQF34AE8gWdHOo/Oi/O6ai04+cwx+AHn7RMQ+492</latexit>1

Frighteningly  symmetric  structure  of  the  Local  Group
Structure  of  and  correlations  in  Local  group

Pawlowski,  Kroupa &  Jerjen   (2013) :

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Looking  along  the  line 
between  Milky Way 

and  Andromeda

Everything  we  know  
about  the  Local  
Group  today : 

Pavel Kroupa: Bonn & Charles University, Prague

by  Eda  Gjergo -- see  Kroupa  et al. 
2023,  Corfu proceedings



Pavel Kroupa: Bonn & Charles University, Prague49

B)  The  Keenan-Barger-Cowie  (2013, )  void     (the  KBC  void)≈ 600 Mpc

Observed :

A)  The   crystal-like Pawlowski  et al. (2013)  structure  of  the  Local  Group  of  Galaxies 
       (                 /  the  PKJ  structure)  ≈ 3 Mpc

50

The  under-density  is  evident  in 
Haslbauer,  Banik  &  Kroupa  2020 :

near-infrared  galaxy  surveys

X-ray  cluster  surveys

CMB  dipole  indicating  large-scale  bulk  flows  as

expected  for  such  a  void  (radio  observations)

optical  galaxy  surveys
Maddox+1990;  Zucca+1997

Keenan, Barger & Cowie'13   (KBC)

Rubart & Schwarz 2013;  Rubart, Bacon & Schwarz 2014;  
Javanmardi+ 2015;  Secrest+ 2020

Böhringer+2015;  Böhringer, Chan, Collins 2020;
Migkas+21

Additionally :  

Strong  evidence  for  highly  significant  

over-  and  under-densities  in  galaxy-cluster data

Migkas &  Reiprich  (2018);  Migkas  et al. (2021)

4.9 sigma  exclusion  of  cosmological  principle  based

on  distribution of 106  quasars Secrest+... Sarkar et al.  (2021)

Kroupa 2015

KBC  void  and  Hubble  Tension

z = 0.2

The  Cosmological   Scale

Pavel Kroupa: Bonn & Charles University, Prague
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Haslbauer, Banik &  
Kroupa 
2020

The  KBC  void 
automatically  solves 
the  Hubble  Tension, 

but  KBC  void 
not  possible  in 

LCDM

The  Cosmological   Scale
KBC  void  and  Hubble  Tension

there  is  no  Hubble  Tension !!!

Pavel Kroupa: Bonn & Charles University, Prague

Not  SMoC  at    confidence .> 6 σ

Pavel Kroupa: Bonn & Charles University, Prague52

C)  The  Haslbauer  et al.  (2023;  )  void    (the  HKJ giga-void)≈ 5 Gpc

Observed :

B)  The  Keenan-Barger-Cowie  (2013; )  void     (the  KBC  void)≈ 600 Mpc

A)  The   crystal-like Pawlowski  et al. (2013)  structure  of  the  Local  Group  of  Galaxies 
       (                 /  the  PKJ  structure)  ≈ 3 Mpc



Pavel Kroupa: Bonn & Charles University, Prague53

Assume  the    galaxies  in  our  11Mpc  neighbourhood   
are  representative  of  all  galaxies  in  the  Universe.

≈ 500

(cf:  the  stars  in  the  Solar  neighbourhood  are  representative  of  all  stars  in  the   
Milky  Way  and  in  the  Universe)

The  11 Mpc  galaxies  have  nearly  constant  star  formation  histories.
(i.e.  present-day  SFR     average  SFR)≈

The  maximum  in  the  observed  cosmic  star-formation  rate  density  
near    

thus  implies  a  massive  matter-overdensity  about  5 Gpc  away   
z ≈ 1.8

A  5 Gpc-scale   inhomogeneity 
suggests  that  the  Universe  is  structured 

on  all  scales.

Not  LCDM  at    confidence .∞σ

Haslbauer  et al.  2023

Pavel Kroupa: Bonn & Charles University, Prague54

The   real   Universe    
is  thus  highly  orderly  structured  on  Mpc  scales 
and  highly  inhomogeneous  on  all  larger  scales, 

up  the  the  horizon   
(CMB  hemispherical  anisotropy) 

Schwarz et al. 2016



Pavel Kroupa: Bonn & Charles University, Prague55

Overview  of  
LCDM  tests
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Based  mostly on   
Chandrasekhar   

dynamical  
friction 

and 
dynamical   
dissipation

}
}Based  on   

the   
predicted   
stochastic   

merger  
histories   

and 
large-scale 

homogeneity 
of matter 

distribution

Many  tests  made.   All  independent.   

I)  Mutually  independent  tests  for  the  existence  of  dark  matter  particles :
-  The  orbits  of  the  Large  and  Small  Magellanic  Clouds
- The  lengths  of galactic  bars
- The  backsplash NGC3109  group  of  galaxies  (at distance of  a Mpc) 
- The  M81  group  of  galaxies   (at distance of  3.6 Mpc) 
- No  dark  matter  in  dwarf  galaxies  in  Fornax  galaxy  cluster Asencio+ 2022

Roshan+ 2021
Oehm+ 2023

Pawlowski&McGaugh 
2018; Banik+2021

Oehm+ 2017

E.g. :   (there  are  more  tests)

II)  Tests  for  the   matter-distribution  predicted  by  the  dark  matter  models :

- The 3d  structure  of  the  Local  Group  of  galaxies  (within  one  Mpc) 
- The  KBC  void  (within  one  Gpc) 

- The  Hubble  Tension  (within  one  Gpc) 
- The  Lilly-Madau  plot  (5 Gpc  scale) 

- The  over-massive  El Gordo  galaxy  cluster  (8 Gyr away) 
- Bulk  flows  on  cosmological  scales

- CMB  anomalies  (hemispherical  power  and  temp.  difference,   
    lack  of  correlation on large angular scales,  cold spot).

- Disks  of  Satellites  around  6  nearby  galaxies Kroupa+ 2005;  Pawlowski+;   
Asencio+ 2022

Pawlowski+ 2013

Haslbauer+ 2020

Haslbauer+ 2020

Haslbauer+ 2023

Asencio+ 2021

Migkas+ 2021;  Secrest +2022

Schwarz+ 2016

Pavel Kroupa: Bonn & Charles University, Prague
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The  greatest 
crisis  in  physics 

ever. 

The  LCDM  model   
(standard  model  of  cosmology) 

is  the   
most  falsified   

but   
believed-to-be-true 

model  ever 
in  the  history  of   

woman / man / them  
kind.

Pavel Kroupa: Bonn & Charles University, Prague

Pavel Kroupa: Bonn & Charles University, Prague
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The  issue  of  gravitation

With  dark  matter 
off 

the  table, 
a  new  law  of  universal  gravitation 

needs  to  be  developed
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Reminder :

But:  EGR  was  developed  prior  to  1916  based  on  the   
constraint  that  EGR  must  comply  to  Newtonian  gravitation  in  the   

non-relativistic  limit.  

Newton  derived  Newtonian  gravitation  (1648)  as  an  empirical  law   
based  only  on  Solar  system  data  (discovery  of  Uranus : 1781,  Neptune : 1846).

For  understanding  galaxies  it  is  of  paramount  importance  to  know 
which  law  of  gravitation  is  valid. 

Galaxies  were  not  understood  in  1917 : 

- The  motion  of  matter  in  them   --  the  flat rotation curve  --  was  measured  in  the  late 1930s (Andromeda). 

- The Shapley-Curtis  debate  on  the  nature  of  spiral  nebulae  took  place  in  1920.

By  assuming  Newtonian / Einsteinian  gravitation  to  be  valid  beyond  the  Solar  System, 
physicists  thus   

extrapolated  an  empirical  law  by  many  orders  of  magnitude 
in  spatial,  mass  and  acceleration  scale  to  a  regime  where 

independent  tests  are  not  available. 
E.g.  in  Solar  system  we  can  test  the  law  of  gravitation  with  independent  tests.

Nearly  all  existing   theoretical   work    
on  the  formation  and  evolution  of   galaxies 

is  today  based  on  this  extrapolation. 

It  is  the   non-relativistic  limit  of  Einsteinian  general  relativity  (EGR).

Pavel Kroupa: Bonn & Charles University, Prague
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Reminder :

But:  EGR  was  developed  prior  to  1916  based  on  the   
constraint  that  EGR  must  comply  to  Newtonian  gravitation  in  the   

non-relativistic  limit.  

Newton  derived  Newtonian  gravitation  (1648)  as  an  empirical  law   
based  only  on  Solar  system  data  (discovery  of  Uranus : 1781,  Neptune : 1846).

For  understanding  galaxies  it  is  of  paramount  importance  to  know 
which  law  of  gravitation  is  valid. 

Galaxies  were  not  understood  in  1917 : 

- The  motion  of  matter  in  them   --  the  flat rotation curve  --  was  measured  in  the  late 1970s (Andromeda). 

- The Shapley-Curtis  debate  on  the  nature  of  spiral  nebulae  took  place  in  1920.

By  assuming  Newtonian / Einsteinian  gravitation  to  be  valid  beyond  the  Solar  System, 
physicists  thus   

extrapolated  an  empirical  law  by  many  orders  of  magnitude 
in  spatial,  mass  and  acceleration  scale  to  a  regime  where 

independent  tests  are  not  available. 
E.g.  in  Solar  system  we  can  test  the  law  of  gravitation  with  independent  tests.

Nearly  all  existing   theoretical   work    
on  the  formation  and  evolution  of   galaxies 

is  today  based  on  this  extrapolation. 

It  is  the   non-relativistic  limit  of  Einsteinian  general  relativity  (EGR).

Pavel Kroupa: Bonn & Charles University, Prague

But  a  physicist  is  
taught  in  kindergarten :
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Reminder :

But:  EGR  was  developed  prior  to  1916  based  on  the   
constraint  that  EGR  must  comply  to  Newtonian  gravitation  in  the   

non-relativistic  limit.  

Newton  derived  Newtonian  gravitation  (1648)  as  an  empirical  law   
based  only  on  Solar  system  data  (discovery  of  Uranus : 1781,  Neptune : 1846).

For  understanding  galaxies  it  is  of  paramount  importance  to  know 
which  law  of  gravitation  is  valid. 

Galaxies  were  not  understood  in  1917 : 

- The  motion  of  matter  in  them   --  the  flat rotation curve  --  was  measured  in  the  late 1970s (Andromeda). 

- The Shapley-Curtis  debate  on  the  nature  of  spiral  nebulae  took  place  in  1920.

By  assuming  Newtonian / Einsteinian  gravitation  to  be  valid  beyond  the  Solar  System, 
physicists  thus   

extrapolated  an  empirical  law  by  many  orders  of  magnitude 
in  spatial,  mass  and  acceleration  scale  to  a  regime  where 

independent  tests  are  not  available. 
E.g.  in  Solar  system  we  can  test  the  law  of  gravitation  with  independent  tests.

Nearly  all  existing   theoretical   work    
on  the  formation  and  evolution  of   galaxies 

is  today  based  on  this  extrapolation. 

It  is  the   non-relativistic  limit  of  Einsteinian  general  relativity  (EGR).

Pavel Kroupa: Bonn & Charles University, Prague

extrapolations  typically  don't  work !! 

But  a  physicist  is  
taught  in  kindergarten :
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Should  one  expect  an  empirical  law  to  hold  

over  an  extrapolation  of  orders  of  
magnitude ?

Gravitational  theory,   
as  today  implemented  in   all  computer  simulations  of  galaxies  and  cosmology 

is  Newtonian,  
based  on  the  belief,   

that  this  empirical  law  remains  valid  despite  an  extrapolation  in  scale  by  many  orders  of  magnitude 
from  the  Solar  system  to  galaxies  and  beyond.

Pavel Kroupa: Bonn & Charles University, Prague



Extrapolation -  may  we  expect  this  to  work ?
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Gedankenexperiment

Depth

Weight

100g10g1g0.0000001g

Modell 
fit  to  the  data

measurement

by  Indranil  Banik 
(St.  Andrews)

Depth  of  a  trampolin  with  increasing   weight :

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

A  clue  is  provided 
by  the 

radial--acceleration   
data 

in  galaxies

64

How  to  proceed ?

Pavel Kroupa: Bonn & Charles University, Prague



Disc galaxies
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Balance  between
gravitation

and
centrifugal force

Pavel Kroupa: Bonn & Charles University, Prague
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Mbaryons

Vc

r gN = G
Mbaryons

r2

According  to  Newton :

g =
V 2
c

r

Measured :

Balance  between
gravitation

and
centrifugal force

Disc galaxies

g

gN

 1:1  if  g=gN

Pavel Kroupa: Bonn & Charles University, Prague
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Dabringhausen & Kroupa 2023
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Dabringhausen & Kroupa 2023

The  standard  Poisson  equation : ⃗∇ ⋅ ⃗∇ Φ = 4πG ρ

⃗∇ ⋅ ( | ⃗∇Φ |
ao )

p−2
⃗∇ Φ = 4πG ρ

This  can  be  re-written  in  terms  of  the  p-Laplace operator ,                                           ,   as 

p=2  
Newtonian  gravitation

standard  Poisson  equation  above

p=3  
which  gravitational  dynamics ?

non-standard  Poisson  equation

Sufficiently  far  from    can  assume  spherical  
symmetry -  integrate  using  divergence 

theorem

ρ

⃗∇ ⋅ ( | ⃗∇Φ |
ao

⃗∇ Φ) = 4πG ρ

( ∂Φ
∂r )

2
= a0 G M( < r)

r2

ap=3 = a0 ap=2
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Jan  Pflamm-Altenburg

akin = g (from above)
gbary = gN = from above

Pavel Kroupa: Bonn & Charles University, Prague



Remember  the  standard  Poisson  equation : ⃗∇ ⋅ ⃗∇ Φ = 4πG ρ

⃗∇ ⋅ ( | ⃗∇Φ |
ao )

p−2
⃗∇ Φ = 4πG ρ p=2  

Newtonian  gravitation
standard  Poisson  equation  above

p=3  
which  gravitational  dynamics ?

non-standard  Poisson  equation

Sufficiently  far  from    can  assume  spherical  
symmetry -  integrate  using  divergence 

theorem

ρ

⃗∇ ⋅ ( | ⃗∇Φ |
ao

⃗∇ Φ) = 4πG ρ

( ∂Φ
∂r )

2
= a0 G M( < r)

r2

ap=3 = a0 ap=2

gM = a0 gN
i.e.,  the  Milgromian  acceleration   

in  terms  of  the   
Newtonian  acceleration :
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akin = g (from above)
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Pavel Kroupa: Bonn & Charles University, Prague

This  can  be  re-written  in  terms  of  the  p-Laplace operator ,                                           ,   as 
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Is  there  a   

Lagrangian 

formulation ?

Pavel Kroupa: Bonn & Charles University, Prague
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(Bekenstein & Milgrom 1984)
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Newton AQUAL-MoND

(Bekenstein & Milgrom 1984)
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Pavel Kroupa: Bonn & Charles University, Prague

New  universal  law  of  gravitation  



Pavel Kroupa: Bonn & Charles University, Prague
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II)  The  nuHDM  model

Milgromian   gravitation 
with  inflation 
with dark  matter  sterile  neutrinos 
with  dark  energy

A  conservative  model,   
i.e.  very  similar  to  the  LCDM, 

but  a  little  simpler   
because 

dark  matter  plays  little  role 
in  structure  formation

Skipping 
"II" 
(the   

nuHDM  
cosmological 

model) 

Pavel Kroupa: Bonn & Charles University, Prague78

III)  The  Bohemian  model  of  cosmology 
(the  BMoC)

Milgromian   gravitation 
with  inflation 
with dark  matter  sterile  neutrinos 
with  dark  energy

A  completely  new   model,   
independent  of  the  3  pillars  of  the LCDM. 

Thus  a  very  simple  model.

Dark  energy   
only  needed   

in  the  context 
of  the  LCDM  !
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Conclusions :
The  many  independent  tests  on  few-pc  to  Gpc  scales  unambiguously  show  the   

dark-matter-based  models  to  not  be  relevant  for  the  Universe.   

Gravitation  is  compellingly  Milgromian   (and  not  Newtonian / Einsteinian).

The  nuHDM  Milgromian  cosmological  model  that  assumes   
inflation,  sterile  neutrinos  as  a  hot-dark  matter  component,  

the  CMB  as  the  boundary  condition  and  dark energy, 
appears  to  not  describe  the  Universe. 

A  Milgromian  cosmological  model  that    
avoids 

inflation,  dark  matter,  dark energy 
appears  to  be  very  promising 

--  the  Bohemian  Model  of  Cosmology --

More  on  the  details  at  another  opportunity.

Pavel Kroupa: Bonn & Charles University, Prague

BMoC : 
laws  of  physics  

the  same  everywhere,  
but   

cosmological  principle 
does  not  apply.

There  is  no  dark  matter.
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The   END

Pavel Kroupa: Bonn & Charles University, Prague



Milgromian  Dynamics   
from  quantum  mechanical  processes  in  the  vacuum

". . .  an  accelerated  observer  in  a  de Sitter  universe (curved  with  a  positive 
cosmological  constant  Λ)  sees  a  non-linear  combination  of  the  Unruh (1975) vacuum  
radiation  and  of  the  Gibbons & Hawking (1977)  radiation  due  to  the cosmological  
horizon  in  the  presence  of  a  positive  Λ.  Milgrom (1999)  then defines  inertia  as  a  force  
driving  such  an  observer  back  to  equilibrium  as regards  the  vacuum  radiation  (i.e.  
experiencing  only  the  Gibbons-Hawking radiation  seen  by  a  non-accelerated  observer).  
Observers experiencing  a  very small  acceleration  would  thus  see  an  Unruh  radiation  
with  a  low  temperature close  to  the  Gibbons-Hawking  one,  meaning  that  the  inertial  
resistance defined  by  the  difference  between  the  two  radiation  temperatures  would  be  
smaller  than  in  Newtonian  dynamics,  and  thus  the  corresponding  acceleration would  
be  larger.  This  is  given  by  the  formula  of  Milgrom (1983) with  a  well-defined  
transition-function  μ(x),  and  ao = c (Λ/3)1/2.  Unfortunately,  no  covariant  version  (if  at  
all  possible)  of  this  approach  has  been  developed yet."

Kroupa  et  al.  (2010),  Appendix A  (see  Milgrom  1999) :
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Loosely  speaking  (and  speculating) :

Pavel Kroupa: Bonn & Charles University, Prague

In  curved  space-time around  a  particle  (itself composed of fluctuations in the vacuum),  the  side  that  is  more  curved 
("distorted, squashed-up")  exerts  a  smaller  pressure  on  the   particle,  than  the  other,  less-"squashed" side,  because  a   
less-squashed side  can  sustain  more  vibrational  modes  (larger spatial volume).  In  non-curved  space,  the  pressure   
from  the   vacuum  is  symmetrically  smaller.

(i.e.  essentially  
the  Cassimir   effect)

Pavel Kroupa: Bonn & Charles University, Prague82

Can  MOND  cosmology 
account  for  the  CMB ?
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The   nuHDM  model  of  cosmology  also  accounts  for  the  CMB

Angus & Diaferio   
(MNRAS, 2011)

Pavel Kroupa: Bonn & Charles University, Prague
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The   relativistic-MOND  model  of  cosmology  also  accounts  for  the  CMB

Skordis &  Zlosnik   
(Phys. Rev. Letters, 2021)

Pavel Kroupa: Bonn & Charles University, Prague


