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

dark  matter 
+ 

dark  energy
needed
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The redshift - time  relation   
depends on the cosmological model, e.g.: z =

v

c
=

δλ

λo

= Ho

d
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http://www.astro.rug.nl/~onderwys/ACTUEELONDERZOEK/JAAR2003/college2/Cosmology.html
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Cosmological  structure  formation

Movie  by  John  Dubinski  and  Kameel Farah  (CITA) 
of   structure  formation.

(  http://www.cita.utoronto.ca/~dubinski/nbody/  )

Pavel Kroupa: Charles University, Prague
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Cosmic Cruise (1:55) 

About 14 billion years ago, the universe began in a Big Bang. In one single instant, all matter 
and energy were created. Rapid expansion caused the matter to cool and change into atoms 
and also the mysterious dark matter. At first, the dark matter was spread out evenly but faint 
echoes of the seething quantum foam that existed at the instant of creation remained like 
random ripples on the surface of a frozen pond. Gravity took hold of these noisy echoes and 
caused them to collapse into halos of dark matter that became the seeds of the galaxies.

In this animation, we fly straight through a 130 million particle simulation of dark matter 
travelling hundreds of millions light years over 14 billion years. We illuminate the dark matter 
particles so that we can watch the formation of the cosmic web - the foundation of all structure 
in the prevailing model of cosmology. At the start, the regular grid of particles reflects the 
featureless nature of the universe at the beginning. As the flight continues, we witness the 
formation of the first structures through the collapse of density fluctuations. These merge with 
other structures and grow into the dark halos of sizes varying from galaxies to galaxy clusters. 

Pavel Kroupa: Charles University, Prague

6Cosmic  structure  formation Pavel Kroupa: Charles University, Prague
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Lacey & Cole 
(1993)

Structures  form  according  to  the  cosmological  merger  tree

the    
beginning 
Big  Bang

today

low-mass DM  
halos 

form  first  and  
coalesce  to  

larger  
structures
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Why  do  the  galaxies  
merge  so  profusely ?
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Dynamical  
Friction
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A  direct  test  for  the  existence  of  
dark  matter  particles :

from  BTV⃗0
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|∆V⃗⊥| = V0 sinθdefl = V0 |sin2ψ0| = 2 V0

|tanψ0|

1 + tan2ψ0

|∆V⃗∥| = V0 − a = V0 (1 − cosθdefl) = V0 (1 + cos2ψ0) = 2V0

1

1 + tan2ψ0

V0

∆V⊥

a

V0

∆V∥Conservation  of  energy  implies  that   
the  relative  speed  before  and  after  the   
encounter is  equal  to      .V0

Note  that          points  opposite  to       .V⃗0∆V⃗∥

Pavel Kroupa: Charles University, Prague

satellite  galaxy

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

Pavel Kroupa: Charles University, Prague12

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

dt
= −

4 πlnΛG2 (M + m) ρ0 m

v3
M

[

erf(X) −
2 X
√

π
e−X

2

]

v⃗M

where X ≡
vM
√

2 σ

Note : the  deceleration  is  proportional  to  the  mass-density  of  the  field  
particles.

it  is  proportional  to  M  (for                  );  the  drag  force  is  thus  
proportional  to       .

M ≫ m

M
2

The  formula  above  has  been  derived  by  assuming  the  background 
field  density  to  be  homogeneous  and  infinite.   Numerical  simulations  
show,  however,  that  the  formula  works  well  for  satellites  orbiting   
in  large  galaxies  (                           and                        ).Msat ≪ Mhost Rsat ≪ Rhost

The  Coulomb  parameter  is  somewhat  arbitrary  through  uncertain 
minimum  and  and  maximum  encounter  distances.

Pavel Kroupa: Charles University, Prague

Chandrasekhar 
dynamical  friction
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dv⃗M

dt
= −

4 πlnΛG2 (M + m) ρ0 m

v3
M

[

erf(X) −
2 X
√

π
e−X

2

]

v⃗M

When        is   on  a  circular  orbit   within  the  host,                       ,   
 then  dynamical  friction  exerts  a  torque, 

M vM = vc(r)

T⃗ = r⃗ × F⃗DF =

dL⃗

dt
F⃗DF = M

dv⃗M

dt

L⃗ = M v⃗c(r) × r⃗, | |L| = M vc r

where

= r

[

M
dvM

dt

]

dL

dt
= r FDF(r) = r [FDF(r)]

Pavel Kroupa: Charles University, Prague
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= r

[

M
dvM (r)

dt

]

= M

(

vc + r
∂vc

∂r

)

dr

dt

dL

dt
=

d

dt
(M vc r)

good  assumption  for  an  isothermal  dark-matter  halo 
assuming  it  is  made  of  particles( )

dL

dt
= r FDF(r) = r [FDF(r)]

and  that ρ(r) =
v2

c

4 π G r2
(= “singular  isothermal  sphere”)

M

(

vc(r) + r
∂vc(r)

∂r

)

dr

dt
= M r

dvM

dt

Pavel Kroupa: Charles University, Prague

Assume

σ(r) ≡ σ1D(r) ≈ constant

vc(r) ≈ constant

= σcl
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r
dr

dt
= −0.524 lnΛ

G M

σcl

∫ 0

ri

r dr = −0.524 lnΛ
G M

σcl

∫
tmsgr

0

dt

Assume

σ(r) ≡ σ1D(r) ≈ constant

vc(r) ≈ constant

= σcl

dynamical  friction formula  
from  above 

(evaluate  erf(X)  from  tables)

with vc =
√

2 σ1D,cl = constant

M

(

vc(r) + r
∂vc(r)

∂r

)

dr

dt
= M r

dvM

dt

and  that ρ(r) =
v2

c

4 π G r2
(= “singular  isothermal  sphere”)

Pavel Kroupa: Charles University, Prague

good  assumption  for  an  isothermal  dark-matter  halo( )
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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  

Pavel Kroupa: Charles University, Prague

tmsgr =
0.95

G lnΛ

r2
i

M
σcl

tmsgr [Myr] M [Msun] ri [kpc] σ [pc/Myr]
107.75 107 200 200
106.85 107 100 100
106.75 108 200 200
105.85 108 100 100
105.75 109 200 200
104.85 109 100 100

104.75 ≈ 10 Gyr 1010 200 200
103.85 ≈ 10 Gyr 1010 100 100
103.75 ≈ 1 Gyr 1011 200 200
102.85 ≈ 1 Gyr 1011 100 100
102.75 ≈ 0.1 Gyr 1012 200 200
101.85 ≈ 0.1 Gyr 1011 100 100

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

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties :

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2
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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  
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tmsgr =
0.95

G lnΛ

r2
i

M
σcl

tmsgr [Myr] M [Msun] ri [kpc] σ [pc/Myr]
107.75 107 200 200
106.85 107 50 100
106.75 108 200 200
105.85 108 100 100
105.75 109 200 200
104.85 109 100 100

104.75 ≈ 10 Gyr 1010 200 200
103.85 ≈ 10 Gyr 1010 100 100
103.75 ≈ 1 Gyr 1011 200 200
102.85 ≈ 1 Gyr 1011 100 100
102.75 ≈ 0.1 Gyr 1012 200 200
101.85 ≈ 0.1 Gyr 1011 100 100

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

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties :

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2



Wu  & Kroupa 2015,  MNRAS

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.
dark

  m
atte

r  h
alo

19 Pavel Kroupa: Charles University, Prague

Each  baryonic  galaxy  has  a  pre-infall  DM  halo mass :

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.

20 Pavel Kroupa: 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)



21 Pavel Kroupa: 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.
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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  

Pavel Kroupa: Charles University, Prague

tmsgr =
0.95

G lnΛ

r2
i

M
σcl

tmsgr [Myr] M [Msun] ri [kpc] σ [pc/Myr]
107.75 107 200 200
106.85 107 100 100
106.75 108 200 200
105.85 108 100 100
105.75 109 200 200
104.85 109 100 100

104.75 ≈ 10 Gyr 1010 200 200
103.85 ≈ 10 Gyr 1010 100 100
103.75 ≈ 1 Gyr 1011 200 200
102.85 ≈ 1 Gyr 1011 100 100
102.75 ≈ 0.1 Gyr 1012 200 200
101.85 ≈ 0.1 Gyr 1011 100 100

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

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties :

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2
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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  
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tmsgr =
0.95

G lnΛ

r2
i

M
σcl

tmsgr [Myr] M [Msun] ri [kpc] σ [pc/Myr]
107.75 107 200 200

106.25 107 50 100

106.75 108 200 200

105.25 108 50 100

105.75 109 200 200

104.25 ≈ 10 Gyr 109 50 100

104.75 ≈ 10 Gyr 1010 200 200

103.25 ≈ 1 Gyr 1010 50 100

103.75 ≈ 1 Gyr 1011 200 200

102.75 ≈ 0.1 Gyr 1012 200 200

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

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties :

ln⇤ ⇡ 3

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2
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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  
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tmsgr =
0.95

G lnΛ

r2
i

M
σcl

tmsgr [Myr] M [Msun] ri [kpc] σ [pc/Myr]
107.75 107 200 200

106.25 107 50 100

106.75 108 200 200

105.25 108 50 100

105.75 109 200 200

104.25 ≈ 10 Gyr 109 50 100

104.75 ≈ 10 Gyr 1010 200 200

103.25 ≈ 1 Gyr 1010 50 100

103.75 ≈ 1 Gyr 1011 200 200

102.75 ≈ 0.1 Gyr 1012 200 200

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

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties :

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2
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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  

Pavel Kroupa: Charles University, Prague

tmsgr =
0.95

G lnΛ

r2
i

M
σcl

tmsgr [Myr] M [Msun] ri [kpc] σ [pc/Myr]
107.75 107 200 200

106.25 107 50 100

106.75 108 200 200

105.25 108 50 100

105.75 109 200 200

104.25 ≈ 10 Gyr 109 50 100

104.75 ≈ 10 Gyr 1010 200 200

103.25 ≈ 1 Gyr 1010 50 100

103.75 ≈ 1 Gyr 1011 200 200

102.75 ≈ 0.1 Gyr 1012 200 200

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

see Kroupa  et  al.  2010 
for formulae

Dark  matter  halo  properties :

Binney  &  Tremaine  (1987, p. 427)

ln⇤ ⇡ 3

G = 0.0045 pc3 M�1
� Myr�2

Pavel Kroupa: Charles University, Prague

Are  these  analytical  
estimates 
realistic ?

26

Perform  numerical  simulations ...



Pavel Kroupa: Charles University, Prague27

Privon,  Barnes  et al.  2013

Pavel Kroupa: Praha Lecture 228

NGC 5257/8



Pavel Kroupa: Praha Lecture 229

The  Mice

Pavel Kroupa: Praha Lecture 230

Antennae  



Pavel Kroupa: Praha Lecture 231

NGC 2623 

Pavel Kroupa: Charles University, Prague32

Privon,  Barnes  et al.  2013



Pavel Kroupa: Charles University, Prague33

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

Pavel Kroupa: Charles University, Prague

Are  these  analytical  
estimates 
realistic ?

34

...  yes !

Test  dynamical  friction  on 
the  satellite  galaxies  of 

the  Milky  Way ...



Pavel Kroupa: Charles University, Prague35

Pavel Kroupa: Charles University, Prague36

Angus  et  al.  2011
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Pavel Kroupa: Charles University, Prague38

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.  

 tension  with  dark-matter  hypothesis
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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.  

We  will  return  to  the  distribution  of  satellite 
galaxies  later.

Pavel Kroupa: Charles University, Prague40

Is  there  independent  evidence  for  this  ?  

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



Pavel Kroupa: Charles University, Prague

Lacey & Cole 
(1993)

Structures  form  according  to  the  cosmological  merger  tree

the    
beginning 
Big  Bang

today

41

low-mass DM  
halos 

form  first  and  
coalesce  to  

larger  
structures

Pavel Kroupa: Charles University, Prague42

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

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

This  has  a  number  of  important  consequences :

Is  there  independent  evidence  for  this  ?  



Pavel Kroupa: Charles University, Prague43

Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.

Satellite  galaxies  populate  not-yet  merged  sub-halos  (in  the  SMoC) !

These  are  spheroidally  distributed,  a  largely  pressure-supported   
3D  population  around  any  large  galaxy.

                                  Astrophysics of Galaxies VIII:  LG

� 250 kpc

(Diemand et al. 2008) 44 Pavel Kroupa: Charles University, Prague
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(Kroupa  et al. 2005;  Pawlowski,  Pflamm-Altenburg  &  Kroupa  2012,  Ibata  et al.  2013 
Pawlowski,  Kroupa  &  Jerjen  2013;  Pawlowski  et al. 2015;  Pawlowski 2016)

Pavel Kroupa: Charles University, Prague
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(Kroupa  et al. 2005;  Pawlowski,  Pflamm-Altenburg  &  Kroupa  2012,  Ibata  et al.  2013 
Pawlowski,  Kroupa  &  Jerjen  2013;  Pawlowski  et al. 2015;  Pawlowski 2016)

Pavel Kroupa: Charles University, Prague
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(Kroupa  et al. 2005;  Pawlowski,  Pflamm-Altenburg  &  Kroupa  2012,  Ibata  et al.  2013 
Pawlowski,  Kroupa  &  Jerjen  2013;  Pawlowski  et al. 2015;  Pawlowski 2016)

Pavel Kroupa: Charles University, Prague
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(Kroupa  et al. 2005;  Pawlowski,  Pflamm-Altenburg  &  Kroupa  2012,  Ibata  et al.  2013 
Pawlowski,  Kroupa  &  Jerjen  2013;  Pawlowski  et al. 2015;  Pawlowski 2016)

Pavel Kroupa: Charles University, Prague
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Our  neighbour:   the Andromeda  galaxy

Pavel Kroupa: Charles University, Prague
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Ibata et al. 2013, 2014 Pawlowski  &  Kroupa  2013

Andromeda Milky  Way

Pavel Kroupa: Charles University, Prague
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Milky  Way
Is  the  VPOS  or  DoS   
or  plane  of   satellites   

significant ? 

Pavel Kroupa: Charles University, Prague
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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: Charles University, Prague



A frightening   
symmetry

53

Pawlowski,  Kroupa &  
Jerjen   (2013 MNRAS)

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Everything  
we  know  
about  the  

Local  Group  
today 

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

Pavel Kroupa: Charles University, Prague



Pavel Kroupa: Charles University, Prague

Dark  matter  beyond 
the  Local Group  

II

55
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A frightening   
symmetry

56

Pawlowski,  Kroupa &  
Jerjen   (2013 MNRAS)

"The  discovery  of  
symmetric  structures  in  
the  Local  Group"

Everything  
we  know  
about  the  

Local  Group  
today 

Pavel Kroupa: Charles University, Prague



. . .  the   structure  of  the   

Local  Group  of  Galaxies 

appears  to  be  incompatible   

with  the  SMoC.

57 Pavel Kroupa: Charles University, Prague

Other,  extra-galactic,  
phase-space  correlated  distributions 

of  satellite  systems.

Are  the  Milky  Way  &  Andromeda   
unique  or 

extreme  outliers ?

58

Concistency  Check

Pavel Kroupa: Charles University, Prague



modelobserved

Bournaud  et al.  (2007,  Science)

59 Pavel Kroupa: Charles University, Prague

modelobserved

Bournaud  et al.  (2007,  Science)

60 Pavel Kroupa: Charles University, Prague



61 Pavel Kroupa: Charles University, Prague

Pavel Kroupa: Praha Lecture 1

NGC 5557

(Kroupa  et al.  2010)

dIrr

dIrr

dIrr
Text

� 200 kpc

(post-interaction   2-3 Gyr)

62 Pavel Kroupa: Charles University, Prague



Credit:  Martinez-Delgado (ZAH)  
and   
Adam Block (MtLemmon Obs)

The  formation of  
faint  dwarf 
galaxies  in  the 
interaction 
between  two  
spirals   
(NGC xxxx) 

63 Pavel Kroupa: Charles University, Prague

From:  Martinez-Delgado (ZAH) 

GALEX  image 
(NGC xxxx) 

64 Pavel Kroupa: Charles University, Prague



Concistency  Check
Other,  extra-galactic,  

phase-space  correlated  distributions 
of  satellite  systems.

Is  the  Milky  Way  galaxy  unique  or 
an  extreme  outlier ?

NO,  it  is  not  ! ✓
65

Chiboucas et al. (2013, AJ)  write
  ”In  review,  in  the  few   instances  around  nearby  major  
galaxies  where  we  have  information,  in  every  case  there  is  
evidence  that  gas  poor  companions  lie  in  flattened  
distributions”

Pavel Kroupa: Charles University, Prague

Pavel Kroupa: Charles University, Prague66

Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.

Satellite  galaxies  populate  not-yet  merged  sub-halos  (in  the  SMoC) !

These  are  spheroidally  distributed,  a  largely  pressure-supported   
3D  population  around  any  large  galaxy.

not  observed !



Pavel Kroupa: Charles University, Prague67

Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.
disagreement  with  SMoC !

II.  Classical  bulges :

Weinzirl et al. (2009)  and  Kormendy et al. (2010):  too  many  [>50%,  
94%  according  to  Fernández Lorenzo et al. 2014]  of  all  late-type 
galaxies  (with  baryonic  mass  1010MSun)  do  not  have  a  classical  bulge.

Thus,  the  very  large  fraction  of  observed  bulgeless  disc  galaxies  and  disk-
dominated  galaxies  (70% in edge-on disk galaxies)  is  inconsistent  with  the  
high  incidence  (>70%)  of  significant  mergers (Kormendy et al. 2010)

Pavel Kroupa: Charles University, Prague68

Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.
disagreement  with  SMoC !

II.  Classical  bulges : disagreement  with  SMoC !

III.  Galaxies  are  simpler  than  thought :

Galaxies are complex systems the evolution of which apparently results from the interplay of 
dynamics, star formation, chemical enrichment and feedback from supernova explosions and super-
massive black holes1. The hierarchical theory of galaxy formation holds that galaxies are assembled 
from smaller pieces, through numerous mergers of cold dark matter2–4. The properties of an 
individual galaxy should be controlled by six independent parameters including mass, angular 
momentum, baryon fraction, age and size, as well as by the accidents of its recent haphazard merger 
history. Here we report that a sample of galaxies that were first detected through their neutral 
hydrogen radio-frequency emission, and are thus free from optical selection effects5, shows five 
independent correlations among six independent observables, despite having a wide range of 
properties. This implies that the structure of these galaxies must be controlled by a single parameter, 
although we cannot identify this parameter from our data set. Such a degree of organization 
appears to be at odds with hierarchical galaxy formation, a central tenet of the cold dark matter 
model in cosmology6 

Disney  et al. (2008,  Nature) :
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Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.
disagreement  with  SMoC !

II.  Classical  bulges : disagreement  with  SMoC !

III.  Galaxies  are  simpler  than  thought :
disagreement  with  SMoC !

IV.  No  evidence  for  E  galaxies  forming  from  mergers :

Pavel Kroupa: Charles University, Prague70

Consequences  of  random  mergers :

IV.  No  evidence  for  E  galaxies  forming  from  mergers :

1)  Downsizing Recchi et al. (2009) : the  global  chemical  evolution  
of  a  galaxy   and  of  [α/Fe]  
abundance  ratios 

In  the  SMoC  the  most  massive  
ellipticals  take  a  longer  time  to  
assemble  and  therefore  form  stars  
for  a  longer  time  than  less  
massive  galaxies,  thus  producing  a  
a  trend  of  [α/Fe] vs. mass  which  
is  opposite  to  what  is  observed 
(see Thomas et al. 2002; Matteucci 
2007).  
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Consequences  of  random  mergers :

IV.  No  evidence  for  E  galaxies  forming  from  mergers :
2) E  galaxy  population  does  not  increase,   
    E  galaxies  constitute  a  negligible  fraction  of  the   
    galaxy  population

Pavel Kroupa: Charles University, Prague72
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Delgado-Serrano et al. (2010)
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6 Gyr  ago

Galaxy mass in baryons 
> 1.5x1010 Msun

Ratio  of  E  to  other  galaxies   unchanging ?

Pavel Kroupa: Charles University, Prague



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

Galaxy mass in baryons 
> 1.5x1010 Msun

Ratio  of  E  to  other  galaxies   unchanging ?

Pavel Kroupa: Charles University, Prague

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.

Pavel Kroupa: Charles University, Prague
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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.

Pavel Kroupa: Charles University, Prague
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Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.
disagreement  with  SMoC !

II.  Classical  bulges : disagreement  with  SMoC !

III.  Galaxies  are  simpler  than  thought :
disagreement  with  SMoC !

IV.  No  evidence  for  E  galaxies  forming  from  mergers :
disagreement  with  SMoC !

V.  Compact  groups  of  galaxies . . . 
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The  M81  group  of  galaxies 

-  an  analogue  to  the  Local  Group  at  3.6  Mpc  

Pavel Kroupa: Charles University, Prague

V.  Compact  groups  of  galaxies . . . 

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

Yun,  
Lockman,  

Scoles 

M82

M81

NGC 3077

Pavel Kroupa: 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: 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.
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This  is  arbitrarily  
unlikely.

Pavel Kroupa: Charles University, Prague

Oehm  et al. (2017)
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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

Pavel Kroupa: Praha Lecture 284



"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 285

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."

Pavel Kroupa: Praha Lecture 286

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."

Pavel Kroupa: Praha Lecture 287

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

Pavel Kroupa: Praha Lecture 288

"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)
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Consequences  of  random  mergers :

I.  Phase-space  distribution  of  satellite  galaxies.
disagreement  with  SMoC !

II.  Classical  bulges : disagreement  with  SMoC !

III.  Galaxies  are  simpler  than  thought :
disagreement  with  SMoC !

IV.  No  evidence  for  E  galaxies  forming  from  mergers :
disagreement  with  SMoC !

V.  Compact  groups  of  galaxies 
disagreement  with  SMoC !
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Given  all  the  above,

are  the   following  mergers ?

Pavel Kroupa: Charles University, Prague
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NGC 5257/8

Pavel Kroupa: Charles University, Prague
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The  Mice

Pavel Kroupa: Charles University, Prague
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Antennae  

Pavel Kroupa: Charles University, Prague
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NGC 2623 

Pavel Kroupa: Charles University, Prague
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Given  all  the  above,

why  does  everyone  talk 
about  mergers ?

Pavel Kroupa: Charles University, Prague

Dark  matter  halos  (i.e.  SMoC)  ==>  dynamical  friction  

But  evidence  for  dynamical  friction  non-existing :

Conclusions

Pavel Kroupa: Charles University, Prague

I.  Phase-space  distribution  of  satellite  galaxies.
II.  Classical  bulges :

III.  Galaxies  are  simpler  than  thought :
IV.  No evidence  for  E  galaxies  forming  from  mergers :
V.  Compact  groups  of  galaxies 

all  in  disagreement  with  SMoC !

Can  dynamical  friction  be  reduced  significantly  while  keeping   
Newtonian / Einsteinian  gravitation ?

Or,  rather  (and  simpler),  is  this  telling  us  that  there  is   
no  dark  matter  and   
effective  gravity  is  non-Newtonian / non-Einsteinian ?
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THE   END

Pavel Kroupa: Charles University, Prague97


