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Based  on :

 Pavel Kroupa:  University of Bonn / Charles University in Prague



Note :

Standard  model  of  particle  physics  (SMoPP) 
==>    no path  to  additional  long-lived  elementary  particles
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None  of  the  experiments  (eg. LHC)  find  anything  beyond  the  SMoPP

LHC  constrains  extensions  of  the  SMoPP   (notably  supersymmetry)  which  
would  contain  dark  matter  particles. 

The  only  argument  for  dark  matter :   

Extrapolate  the  empirical  law  of  gravitation  (derived  using  Solar-system  data   
by  Newton and Einstein)  to  galaxies and beyond.

Failure  of  this extrapolation by  many orders  of   magnitude  

"The beautiful theoretical ideas underlying supersymmetry have not been seen in 
Nature – at least, not in the simplest form we expected."  
(George Redlinger and Paul de Jong, 8th December 2017; 

==>  invoke  dark  matter  

 Pavel Kroupa:  University of Bonn / Charles University in Prague
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If  it  had  not  been  for   
post-Einsteinian   

astronomy-dynamics  observations   
on  galaxy  and  larger  scales,   

we  would  not  know  about  dark  matter.

 Pavel Kroupa:  University of Bonn / Charles University in Prague



Pro dark  matter :

- Well-developed (Einsteinian) theory of gravitation which is “believed” by the majority to be correct.

- Rotation curves of galaxies are flat, needing additional matter within this theory.

- The velocity dispersion of stars in satellite galaxies needs much additional matter in this theory.

- The mass of the Local Group of galaxies is much larger than the visible mass in this theory.

- The velocity dispersion of galaxies in galaxy clusters and gravitational lensing, need extra mass within this theory.

- The cosmological model, based on this theory, needs extra matter to account for
  - observed quick structure formation needing dark matter in this theory,
  - the cosmic microwave background radiation is explained by this theory.

 Pavel Kroupa:  University of Bonn / Charles University in Prague

The  Standard  Modell  of  Cosmology  (SMoC) : 
1. Einstein  is  valid 
2. All  matter  created  at  Big Bang 

inflation 
+ 

dark  matter 
+ 

dark  energy

needed

The  Standard / Concordance  Cosmological  Model

dark  energy :  70% 

dark  matter :   25 % 

baryons :            5% only  40%  of  these  found 
- the  missing  baryon  problem

despite  much  search  hitherto  unknown stuff

the implied dark energy density is so small that it 
is unstable to quantum correction  (Shanks  2005);  
energy  creation
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- the dark matter particles, needed in the above theory, are not part of the standard model of particle physics, and  
  no experimentally verified extension of the standard model of particle physics exists.

- the dark matter particles have not been found despite an incredibly huge effort by many research teams. 

Uncomfortable :

 Pavel Kroupa:  University of Bonn / Charles University in Prague

- Dynamical friction due to the dark matter halos that should exist in the above theory is not detected.

- Most galaxies are large, thin, disk galaxies and too many galaxies do not have bulges, contradicting     
   a  violent merging past which is however predicted in the above theory.

- The distribution and motion of satellite galaxies around major galaxies is in extremely strong 
   disagreement  with the above theory.

- The spatial structure of the Local Group of galaxies is completely inconsistent with the above theory.

- The measured rotation curves of galaxies cannot be reproduced within the above theory.

- The observed baryonic Tully-Fisher Relation cannot be reproduced in the above theory.

- The observed RAR cannot be reproduced in the above theory.

- Tidal tails are too long to be consistent with the above theory. 

- Backsplash  problem.

- Hickson  compact  groups  do  not  seem  to  be  merging. 

Contra :

Pavel Kroupa: Bonn & Charles University, Prague

Chandrasekhar 
Dynamical  

Friction
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A  direct  test  for  the  existence  of  
dark  matter  particles :
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Visualisation (integrate  over  all  satellite--DM-particle   
encounters)

from  BTV⃗0
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satellite  galaxy

dark  matter  particle
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This  is  approximately  the  time  which  a  satellite  galaxy  with  mass  M    
(baryonic + dark matter  halo !)  needs  to  spiral  to  the  centre  of  the   
host  halo  starting  at  initial  radius  ri  

tmsgr =
0.95

G lnΛ

r2
i

M
σcl

Maccio et al. 2007, 2008 
Bullock  et al. 2001; 

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties   
            (see  next  slides)

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2

Galaxies  merge  once  they  approach  within   
distances comparable  to  the  diameters  of   
their  dark  matter  halos !

Pavel Kroupa: Bonn & Charles University, Prague



E.g.   a  108 

Msun  pre-

infall  

satellite   

ought  to  

have  had  

a   

DM  halo  

mass   > 

1010  Msun   

such  that  

its  orbital 

decay  time  

would  be  

short.

15 Pavel Kroupa: Bonn & Charles University, Prague

Simulations  with  stellar  feedback,  star  formation  and gas  dynamics 

see also  Matthee, Schaye et al., 2017, MNRAS, "The origin of scatter in the stellar mass-halo mass relation of central galaxies 
in the EAGLE simulation" 

http://adsabs.harvard.edu/abs/2017MNRAS.465.2381M

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

16 Pavel Kroupa: Bonn & Charles University, Prague

The  Large  Magellanic  Cloud 
racing  past our  MW  at  a  distance  of  50kpc

2MASS sky atlas
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Simulations  with  stellar  feedback,  star  formation  and gas  dynamics 

see also  Matthee, Schaye et al., 2017, MNRAS, "The origin of scatter in the stellar mass-halo mass relation of central galaxies 
in the EAGLE simulation" 

http://adsabs.harvard.edu/abs/2017MNRAS.465.2381M

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

18 Pavel Kroupa: Bonn & Charles University, Prague

A  pre-infall  (z=0)  DM  halo   has  a   virialised  radius :
Within  r200  is  the  mass M200  and  a  density  200  times  
larger  than  the  critical  cosmological  density;  r200  is  
approximately  the  virialised  radius.

kindly  prepared  by  
Joerg  Dabringhausen 

[see Kroupa  et  al.  (2010)  for  
the  formulae]

DM  halos  are,  in  a  sense, 
like  spider's  webs :  once  two 
DM  halos  approach  within  
the  sum  of  their   radii  they   
begin  to  merge,  if  their   
relative  velocity  is  comparable   
to  the  velocity  dispersion  of   
the  larger  halo.



Wetzstein, Naab & Burkert 2007

Relevance :  The  collision  of  two  disks  at   high  
redshift 

19
Pavel  Kroupa:    University  of  Bonn  and  Chalres  University  in  Prague

Pavel Kroupa: Praha Lecture 220

NGC 5257/8



Pavel Kroupa: Praha Lecture 221

The  Mice

Pavel Kroupa: Praha Lecture 222

Antennae  



Pavel Kroupa: Praha Lecture 223

NGC 2623 

Pavel Kroupa: Bonn & Charles University, Prague24

Dynamical  friction :   galaxy  mergers  -  must  be  common

Privon,  Barnes  et 
al.  2013

NGC5257/8

The  Mice

AntennaeNGC2623

Galaxy  encounters  with  mass  ratio = 1 : mergers  within  0.5-1.8 Gyr

Barnes (1998) in 
"Dynamics of Galaxy 
Interactions"  :   

"Interacting  galaxies  are  
well-understood  in  terms  
of  the  effects  of  gravity  
on  stars  and  dark  
matter."

All  merge  within   
0.5-1.8 Gyr, 

i.e.  
2  crossing  times.

IF  there  is   
dark  matter



Pavel Kroupa: Bonn & Charles University, Prague25
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The  M81  group  of  galaxies 

-  an  analogue  to  the  Local  Group  at  3.6  Mpc  

Pavel Kroupa: Bonn & Charles University, Prague



Dynamical  friction?? :   the M81  group  of  galaxies
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by  
Chynoweth,  
Langston,  

Yun,  
Lockman,  

Scoles 

M82

M81

NGC 3077

Pavel Kroupa: Bonn & Charles University, Prague

Last  publications 
(conference  

proceedings  only) :

Yun  1999   
=>  no  solutions with  
dark matter :  system  

merges

Thomson, Laine & 
Turnbull  1999   

=>  no  solutions with  
dark matter :  system  

merges
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Dynamical  friction?? :   the M81  group  of  galaxies

Pavel Kroupa: Bonn & Charles University, Prague



. . . basically,  all  members  of  the  
M81  group  would  have  to  have  

fallen  in synchronously  from  large  
distances  and  have  a  peri-galactic  
encounter  with  M81  at  nearly  the  
same  time  without  having  merged  

yet.

29 Pavel Kroupa: Bonn & Charles University, Prague

Oehm  et al. (2017) 
Oehm & Kroupa (2018)

This  is  arbitrarily  
unlikely.

Pavel Kroupa: Praha Lecture 230

AND,  there  are  many  other  similar  groups. 

The  Hickson  compact  groups  are  are  particularly  troubling  for  LCDM,   
because  they  all  must  have  assembled  during  the  past 1-3 Gyr  with  all  

members  magically  coming  together  for  about  one  synchronised  
perigalactic  passage,  while  the  remnants  (field  E   galaxies  with   low  

alpha  element  abundances  from  previously  such  formed  groups)   do  not  
appear  to  exist  in  sufficient  numbers. 

silkscape.com



Pavel Kroupa: Praha Lecture 231

Pavel Kroupa: Bonn & Charles University, Prague32

Therefore . . . 

The  present-day  motions  and  distances  of  MW  satellites  
preclude  them  to  have  fallen-in  from  a  filament  if  they 
have  dark-matter  halos.  M81  group  should  not  be  there.

no  dynamical  friction  due  to  dark  matter  halos

no dark  matter halos



Pavel Kroupa: Bonn & Charles University, Prague

Phase-space 
distribution 

of  
matter
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Pavel Kroupa: Bonn & Charles University, Prague

Lacey & Cole 
(1993)

Structures  form  according  to  the  cosmological  merger  tree

the    
beginning 
Big  Bang

today

34

low-mass DM  
halos 

form  first  and  
coalesce  to  

larger  
structures



Pavel Kroupa: Bonn & Charles University, Prague35

The  mergers  are  random,  i.e.  every  galaxy  has  a  different 
merger  history !  

--->   DM  satellites  ought  to  be  distributed spheroidally

Is  there  independent  evidence   
for  this  conclusion ?  

The  standard  model  of  cosmology  (SMoC)  predicts  that 
each  and  every  galaxy  has  a  history  of  mergers.

As  is  well  known:  they  are  not

                                  Astrophysics of Galaxies VIII:  LG

� 250 kpc

(Diemand et al. 2008) 36 Pavel Kroupa: Bonn & Charles University, Prague
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Ibata et al. 2013, 2014 Pawlowski  &  Kroupa  2013

Andromeda Milky  Way

Pavel Kroupa: Bonn & Charles University, Prague

Kroupa  et al.   2005
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Pawlowski,  Kroupa &  Jerjen   (2013 MNRAS)
How  can  the  

MW  and  
Andromeda  

satellite  systems  
be  so  correlated,   

if  they  are   
sub-halos falling-

in  individually ?    

Pavel Kroupa: Bonn & Charles University, Prague



39 Pavel Kroupa: Bonn & Charles University, Prague

Mueller, Pawlowski  et 
al.  (2018, Science)

MW  &  M31  
plane  of   satellites  

are    
not  unique ! 

Pavel Kroupa: Bonn & Charles University, Prague40

Probabilities  
Assume  LCDM  structure  formation :  how  often  should  we  find 

such  disks  of  satellite  systems ?

DoS  of M31:        p = 1.4 x 10-3       (relative  to  MilleniumII)
Pawlowski  et  al.  (2014   MNRAS,  Sec.2.4)

DoS  of  MW:       p = 0.6   x 10-3     (relative  to  MilleniumII)
Pawlowski  et  al.  (2014   MNRAS,  Sec.3.4)

DoS  of   Cen A:   p = 1 x 10-3           (relative  to  MilleniumII)

Mueller,  Pawlowski  et  al.  (2018 Science)
DoS  of   Cen A:   p = 5 x 10-3           (relative  to  Illustris)

Combined :  p = pMW x pM31 x pCenA = 8.4 x 10-10    (relative  to  MilleniumII)
Combined :  p = pMW x pM31 x pCenA     4.2 x 10-9    (relative  to  Illustris)⇡

But  a  five  sigma  discrepancy:  one  in  1744278 

EXPECT    3  DoSs   amongst   2.38  x 108   host  galaxies      
OBSERVE    >3  DoSs   amongst   the  5  closest  L* - type  host  galaxies    
(MW, M31,  M81,  M83,  CenA  --  there  are  indications  that  M81 and M83 also  contain  DoSs)  



The   structure  of  the   

Local  Group  of  Galaxies

41 Pavel Kroupa: Bonn & Charles University, Prague

In  the  SMoC 
structures  form 

from  many  independent 
(stochastic)  

mergers 

--> 
expect  no   

ordered 
structures

A frightening   
symmetry
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Pawlowski,  Kroupa &  
Jerjen   (2013 MNRAS)

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Everything  
we  know  
about  the  

Local  Group  
today 

Pavel Kroupa: Bonn & Charles University, Prague



. . .  the   structure  of  the   

Local  Group  of  Galaxies 

is  incompatible   

with  the  SMoC.

43 Pavel Kroupa: Bonn & Charles University, Prague

44 Pavel Kroupa: Bonn & Charles University, Prague

Pawlowski  &  McGaugh  (2014) :  the  "backsplash  problem"
(see  also  Banik & McGaugh 2018)
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Pawlowski  &  McGaugh  (2014) :  the  "backsplash  problem"
(see  also  Banik & McGaugh 2018)

46 Pavel Kroupa: Bonn & Charles University, Prague

The  "backsplash  problem"

Too  many  galaxies  are  receding 
from  the  Local  Group  too  orderly   

(in  a  plane)   
and  too  fast.

This  is  impossible  if  the  Local  Group 
has  dark  matter   

(dynamical  friction   
would  slow / capture  the  galaxies).



Pavel Kroupa: Bonn & Charles University, Prague47

Consequences  of  random  mergers :

the  disagreements  concerning    
tests  relying  on  dynamical  friction   

are  consistent  with  each  other   
and   

always  and  only 
point  to  dynamical  friction   

not  being  active.

This  can  only  be  the  case 
if 

there  are  no  dark  matter  halos.

Pavel Kroupa: Bonn & Charles University, Prague48

The  dual  dwarf  galaxy  theorem
(Kroupa 2012; Haslbauer et al. 2019)

In  the  LCDM  model,  primordial   dwarfs  are  dominated  by  dark  
matter  and  tidal  dwarfs  have  no  dark  matter.

In  any  cosmological  theory  there  exist  primordially  formed  galaxies  
and  tidal-dwarf  galaxies.



Wetzstein, Naab & Burkert 2007

Relevance :  The  collision  of  two  disks  at   high  
redshift 

49
Pavel  Kroupa:    University  of  Bonn  and  Chalres  University  in  Prague

(Weilbacher et al. 2000)

NTDG ≈ 14

50Wetzstein, Naab & Burkert 2007
Pavel Kroupa: Bonn & Charles University, Prague
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The  dual  dwarf  galaxy  theorem
(Kroupa 2012; Haslbauer et al. 2019)

In  the  LCDM  model,  primordial   dwarfs  are  dominated  by  dark  
matter  and  tidal  dwarfs  have  no  dark  matter.

falsified  by  data

at  the  same  baryonic  mass,  they  must  have  different  radii

In  any  cosmological  theory  there  exist  primordially  formed  galaxies  
and  tidal-dwarf  galaxies.

This  independent  test   verifies  the  previous  conclusion   
(dark  matter  does  not  exist)

52
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Dark  matter  does  not  exist  ==>    
                                                      cosmological  model  ruled  out ?
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It  seems,  the  observed  Universe  does  not  contain dark  matter  
(particles).    

Conclusions  I 

Pavel  Kroupa:    University  of  Bonn / Charles  University  Praha

The  observed  Universe  appears  to  be  more  regulated / 
have  more  symmetric  structures  than  expected.

By  implications:  the  standard LCDM (SMoC)  is  not  the  
correct  description.


