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Lecture 1 (14.12.16) :
The  standard model  of  cosmology  (SMoC)  and  the  arguably  greatest  question 
of  20th/21st  century  physics : Do  the  postulated  dark  matter  particles  exist ?

Lecture 2 (21.12.16) :
Further  on  dynamical  friction :  evidence  for  merging  galaxies.  
Galaxy  populations  and  correlations  in  their  properties
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Lecture 3 (04.01.17) :
Structures  on  large  scales  and  performance  of  the  SMoC; 
Correlations  in  the  properties  of  galaxies I :  Galaxies  are  simple  systems. 

Lecture 4 (11.01.17) :
Correlations  in  the  properties  of  galaxies II. 
Evidence for  a  new  law  of  nature :   space-time  scale-invariant  dynamics.  
Some  steps  towards  a  deeper  theoretical  understanding. 
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Remember:
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Chandrasekhar  dynamical  friction  very  efficient  in  capturing   
and  decelerating  passing  galaxies  ==>  merging.

Position  and  motions  of   the  observed  satellite  galaxies  of  the   
Milky  Way  difficult  to  understand  if  dark  matter  halos  exist.

Assuming  the  SMoC  to  be  valid:  The  Dual  Dwarf  Galaxy  Theorem   
is  falsified  by  observational  data  (no  evidence  for  both  dwarf  types A&B) 
==>   SMoC  ruled  out  as  a  viable  model  of  the  Universe.

Tests  of  this  conclusion  via  the  arrangement  of  dwarf  galaxy  satellites : 
The Vast  Polar  Structure  around  the  Milky  Way  is  highly  significant

Other  disks  of  satellites  (DoSs)  exist (e.g. around  Andromeda,  M81, Cen A); 
DoSs  appear  to  be  the  rule  rather  than  the  exception.

==>    Consistent  with  Dual  Dwarf  Galaxy  Theorem  falsification !

Observed  DoSs  easily  understandable  as  tidal-dwarf  galaxy  populations. 
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Wetzstein, Naab & Burkert 2007

Relevance :  The  collision  of  two  disks  at   high  
redshift 
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Phase-space-correlated  tidal  debris
Pawlowski  et al. 2012
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Pawlowski  et al. 2011

Fly-by  encounter:  e.g.  Milky  Way  and  Andromeda ? 
about  10-11  Gyr  ago

Fouquet,  Hammer  et al.  (2012)See  also  for  another  elegant  explanation.

6

But :  this  is  not  possible 
in  the  SMoC 

because   
the  MW  and  M31 
would  have  merged   

within  1-2 Gyr.
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The  disk-of-satellite  arrangement   thus  strongly  suggests 
that  the  satellite  galaxies  of  the  Milky  Way  and  of  

Andromeda  ought  to  be  tidal  dwarf  galaxies. 

Salomon, Ibata et al. 2015,  MNRAS

Also  note  that  the  satellite  galaxies  in  the   
great  plane  of  Andromeda  and  outside 

have  indistinguishable  internal  properties.

Dabringhausen  et al. (2008)

. . . but :
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. . . so  the  satellites  
should  not  contain 

dark  matter .
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How  can  this  discrepancy 
(disk-of-satellites  vs  dark  matter  content) 

be  understood ? 

McGaugh &  Wolf (2010)

A  hint  is  given  by  possible tidal  effects :
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 Evolution  of 
TDGs
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The  Time
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Evolve  dwarf  galaxies   
w/o  dark  matter 
in  a  computer
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Star-cluster  complex 
(cf Tadpole)  

50 clusters 
each 10

6
M⊙

⇓
Spheroidal  dwarf  

galaxy !
(Fellhauer et al. 2001, 2002a,b,c, 2005;

Bekki et al. 2004)
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1-10%  of  
population  
in  remnant
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at  which  the   central  surface  brightness,       , 
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(Kroupa 1997)
e = 0.74

e = 0.60

Pa
ve

l K
ro

up
a:

 P
ra

ha
 L

ec
tu

re
 2

15

The  Remnants  have  a  
highly  anisotropic            
and  mass   

and                                  !

≈ 10
5
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f(R, V )

R ≈ few 100 pc
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D=130kpc
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(Coleman et al. 2007)
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Hercules     
D=130kpc
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(Coleman et al. 2007)
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(Kroupa 1997)
MV = −9 mag

r0.5 = 180 pc

M

L
= 10

2.3

very  similar  to  Hercules  ! {
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(see fig.6  in  Kroupa  et al. 2010)  
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This  is  a   
real  prediction   

10  years  before   
the  discovery   

of  this   
type  of  celestial  object !
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"Chemodynamical  evolution  of  tidal  
dwarf  galaxies  –  II.  The  long-term 
evolution  and  influence  of  a  tidal  field"

Ploeckinger  et al. 2015,  MNRAS
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"Chemodynamical  evolution  of  tidal  
dwarf  galaxies  –  II.  The  long-term 
evolution  and  influence  of  a  tidal  field"

Ploeckinger  et al. 2015,  MNRAS
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"Chemodynamical  evolution  of  tidal  
dwarf  galaxies  –  II.  The  long-term 
evolution  and  influence  of  a  tidal  field"

Ploeckinger  et al. 2015,  MNRAS
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"Chemodynamical  evolution  of  tidal  
dwarf  galaxies  –  II.  The  long-term 
evolution  and  influence  of  a  tidal  field"

Ploeckinger  et al. 2015,  MNRAS
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"Chemodynamical  evolution  of  tidal  
dwarf  galaxies  –  II.  The  long-term 
evolution  and  influence  of  a  tidal  field"

Ploeckinger  et al. 2015,  MNRAS
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Ploeckinger  et al. 2015,  MNRAS
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Ploeckinger  et al. 2015,  MNRAS
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Ploeckinger  et al. 2015,  MNRAS
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We work in the framework of the IGIMF theory, according to 
which dwarf galaxies, characterized by small levels of star 
formation rates (SFRs), can produce only a small relative 
number of massive stars and, hence, the galaxy-wide IMF 
will be biased towards low-mass stars. In particular, we adopt 
the detailed IGIMF prescriptions of Weidner et al. (2013), 
which are able to reproduce a large range of observed 
galactic properties. 

We assume the so-called simple model of chemical 
evolution: a one-zone model in which ejecta from dy- ing 
stars instantaneously mix with the surrounding gas. 
Moreover, the instantaneous recycling approximation is 
adopted,
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Thus,  all  in  all,  the  TDG-hypothesis  for  the  origin  of  satellite  
galaxies  is  very  promising.    Repeated  tidal  shaping  appears  to  
be  relevant  for  the  observed  dynamical   M/L  values,  but  it  is   
not   clear  if  this  can  account  for  the  whole  dark  matter  effect.

The  results  above  were  obtained  assuming  Newtonian  gravitation 
to  be  valid.   Newtonian  gravitation   requires   dark  matter  to  account   
for  structure  formation  and  rotation  curves.

So  lets   test  this  further . . .

If  all  MW  and  Andromeda  satellite  galaxies  are   old  TDGs  then 
the  "missing  satellite   problem"  would  become  a  "missing  satellite   
disaster"  -  why ?
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Before  proceeding : which  type  of  galaxy  at  a  mass  scale  above  about  
1010Msun  dominates   the  population  of  galaxies  in  the  nearby   
(within about 8 Mpc)  Universe ?

This  is  strongly  dependent  on  how  galaxies  form.

1.  Collapse  of  a  post-Big Bang  gas  cloud ?

2.  Through  merging  dark-matter  halos ?
According  to  the  SMoC :  

energy-content  of  Universe  is  approximately 
25 %  dark matter 
  5 %  baryonic matter 
70 %  dark  energy
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Delgado-Serrano et al. (2010)
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6 Gyr  ago

Galaxy mass in baryons 
> 1.5x1010 Msun
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Ratio  of  E  to  other  galaxies   unchanging ?

Delgado-Serrano et al. (2010)
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6 Gyr  ago

Galaxy mass in baryons 
> 1.5x1010 Msun
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Ratio  of  E  to  other  galaxies   unchanging ?
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Disk  galaxies  are  thus  by  far  the  dominant  population.

Ellipticals  are  the  small  exception --  cosmic  accidents  as  it  were. 

What  are  the  properties  of  disk  galaxies ? 
(we  will  return  to  this  later  again;   
now  still  testing  for  the  existence  of  dark  matter  halos).
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Disc galaxies
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Balance  between
gravitation

and
centrifugal force
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Gentile  et  al.,  2007
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Disc galaxies
Balance  between

gravitation
and

centrifugal force
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Famaey & McGaugh 2012
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Famaey & McGaugh 2012

Milgromian  dynamics

From   Robert  Sanders'  Book  on   
"The  Dark  Matter  Problem", 

Cambridge  University  Press, 2010
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Renzo's  rule

Renzo's rule:  wiggles  in  rotation  curve  correspond   
to  structure  in  the  density  of  observed  matter  
(see Famaey & McGaugh 2012 review).

Gravitational  force  field
must  be  sourced  only

by  the  baryons



LCDM

Renzo's  rule
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From   Robert  Sanders'  Book  on   
"The  Dark  Matter  Problem", 

Cambridge  University  Press, 2010

This  challenges  the  existence 
of  dark  matter  halos.
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Other  problems  due  to  dynamical  friction :
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Renzo's  rule  contradicts  dark  matter  halos  providing  the  potential. 
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Privon,  Barnes  et al.  2013

Pavel Kroupa: Praha Lecture 244

NGC 5257/8
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The  Mice
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Antennae  
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NGC 2623 
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Barnes (1998) in 
"Dynamics of Galaxy 
Interactions"  :   

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

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  0.5-3 Gyr



Conselice  2012
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Ratio  of  massive  to  less-massive  galaxies  does  not  evolve,   
                                                    in  conflict  with  LCDM  (SMoC)  expectations

observations

SMoC  (model)

No  evidence  for  growth  of  galaxies  through  mergers.
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Thus :  No  increase  in  the  number  ratio  of  E  galaxies  to  other  galaxies, 
in  contradiction  with  the  expected  increase   through  merging  driven  by   
dark  matter  halos  in  the  SMoC.
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Merging  not  evident :
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The  M81  group  of  galaxies 

-  an  analogue  to  the  Local  Group  at  3.6  Mpc  
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Dynamical  friction?? :   the M81  group  of  galaxies
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by  
Chynoweth,  
Langston,  

Yun,  
Lockman,  

Scoles 

M82

M81

NGC 3077
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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
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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
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"The velocities measured for galaxies in compact groups are 
quite low (~200 km/s), making these environments highly 
conducive to interactions and mergers between galaxies.  

However, this makes the formation of compact groups something 
of a mystery, as the close proximity of the galaxies means that 
they should merge into a single galaxy in a short time, leaving 
only a fossil group.  

This would mean that compact groups are a shorted-lived phase 
of group evolution, and we would expect them to be extremely 
rare.  

Instead, we find a significant number of compact groups in the 
nearby Universe, with well over 100 identified."

Pavel Kroupa: Praha Lecture 256

citing  from  COSMOS - The SAO Encyclopedia of Astronomy 
on  Hickson Compact  groups:



"The velocities measured for galaxies in compact groups are 
quite low (~200 km/s), making these environments highly 
conducive to interactions and mergers between galaxies.  

However, this makes the formation of compact groups something 
of a mystery, as the close proximity of the galaxies means that 
they should merge into a single galaxy in a short time, leaving 
only a fossil group.  

This would mean that compact groups are a shorted-lived phase 
of group evolution, and we would expect them to be extremely 
rare.  

Instead, we find a significant number of compact groups in the 
nearby Universe, with well over 100 identified."
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citing  from  COSMOS - The SAO Encyclopedia of Astronomy 
on  Hickson Compact  groups:

"The velocities measured for galaxies in compact groups are 
quite low (~200 km/s), making these environments highly 
conducive to interactions and mergers between galaxies.  

However, this makes the formation of compact groups something 
of a mystery, as the close proximity of the galaxies means that 
they should merge into a single galaxy in a short time, leaving 
only a fossil group.  

This would mean that compact groups are a shorted-lived phase 
of group evolution, and we would expect them to be extremely 
rare.  

Instead, we find a significant number of compact groups in the 
nearby Universe, with well over 100 identified."
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citing  from  COSMOS - The SAO Encyclopedia of Astronomy 
on  Hickson Compact  groups:
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"The velocities measured for galaxies in compact groups are 
quite low (~200 km/s), making these environments highly 
conducive to interactions and mergers between galaxies.  

However, this makes the formation of compact groups something 
of a mystery, as the close proximity of the galaxies means that 
they should merge into a single galaxy in a short time, leaving 
only a fossil group.  

This would mean that compact groups are a shorted-lived phase 
of group evolution, and we would expect them to be extremely 
rare.  

Instead, we find a significant number of compact groups in the 
nearby Universe, with well over 100 identified."

citing  from  COSMOS - The SAO Encyclopedia of Astronomy 
on  Hickson Compact  groups:

Sohn, Hwang, Geller  et al.  (2015, JKAS)

END  of   
Lecture  2

Pavel Kroupa: Praha Lecture 2


