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Lacey & Cole 
(1993)

The  structure  of  CDM  halos



DM  halos  of  major  galaxies  are   heavily  sub-structured :
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Background
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S + d1 + d2 + . . . + dn

n ≈ 11 , d ≤ 250 kpc
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If virial  equilibrium
spherical symmetry
isotropic  velocity dispersion

then apply  virial  theorem  to  estimate  M

L
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Globular  clusters : 

Dwarf  spheroidal (dSph) satellite  galaxies : 

M
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R ≈ 10 pc , σ ≈ 10 km/s , L ≈ 105 L!

R ≈ 200 pc , σ ≈ 10 km/s , L ≈ 105 L!
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CDM  cosmologists  are  happy  . . .

or   are  they  ?



Most  of  the  dSph  satellites  
are  

not  CDM  sub-structures  
orbiting  in  the  MW  halo.

Kroupa,  Theis &  Boily  (2005)

TextTxt
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Why ?
Pavel  Kroupa:  Sternwarte,  University  of  Bonn



−→

I) within 
N ! expectation from theory

N = 11 R < 250 kpc ≈ Rvir

III) Significant  isophotal  structure  despite  large  
σ ≈ 700 pc/100 Myr

−→ embedded  in  massive  DM  halos ??

IV) disk-like spatial distribution  
−→ incompatible  with  MW  halo shape
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II)
−→ But DM  profiles  difficult  to  re-concile  with  CDM  

theory

(σ, L) ≈ GCs but R ≈ 20 RGC =⇒
M

L
≈ 20



I) N ! NCDM ≈ 500
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is  usually  explained  by  
galactic-scale  baryonic  processes

that  introduce  
very  significant  bias 

between  
dark-matter  and  luminous-matter 

distributions.
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I) N ! NCDM ≈ 500



II) DM  profiles  within  dSph  satellites:
Measured  light  and line-of-sight  velocity  dispersion  profiles  

yield  constraints  on  the  total  mass  distribution. Excellent  
results  are  available  for  UMi  and  Draco  through work  of  

Wilkinson,  Kleyna,  Evans,  Gilmore  (The IoA Team)

Kleyna et al. (2001):  “The data strongly  favour  models  in  which  the   
dark  matter  is  significantly  more  extended  than  the  visible  dwarf.”

“... our  data  strongly  suggest  that  Draco  has  not  been  tidally  
truncated  within  1 kpc” [=60arcmin]

Wilkinson et al. (2004): “... this  scenario  is  only  plausible  if  Draco  
and  UMi  have  somewhat  lower  masses  than  previously  estimated  

and  have  a  low  dark-matter  density  outside  about  30arcmin”  
[outside  optical  edge]

But :
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And,   DM  profiles  are  observed  
to be  too flat;  

tidal  evolution  cannot  
sufficiently  flatten  the  CDM  profiles

(Kazantzidis et al. 2004).
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Does the Fornax dwarf spheroidal have a 
central cusp or core?

Goerdt, Moore et al.   (aph/0601404)

Five globular clusters orbiting at several hundred parsecs from its 
centre. 

In a cuspy CDM halo the globulars would sink to the centre from their 
current positions within half a billion years.

We show that this timing problem is even more severe when 
interactions between the globular clusters are taken into account. 

                  Fornax dwarf spheroidal has a shallow inner density profile 
with a core radius defined by the observed positions of its globular 
clusters. 

This points to Warm Dark Matter as being the mass-dominating 
component.

(Same  conclusion  by  Sanchez-Salcedo et al. 2006  (aph/0601490) )
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III)
σ ≈ 700 pc/100 Myr

Significant  isophote  structure  is  present  
in   many  dSph  satellites  despite  a  large

Substructure  should  smear-out  if        is  really  due  to  a  DM  
halo,  unless  it  has  a  harmonic  core.

σ

−→ inconsistent  with  CDM  theory. 

UMi  and  Draco  would  have  a  near-homogeneous  
halo  cutoff  at  the  stellar  boundary
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Draco 
D=75kpc
(Irwin & Hatzidimitriou  1995)
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Draco 
D=75kpc
(Cioni  &  Habing  2005)
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(Mateo 1998)
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600 pc

900 pc



UMi
D=65kpc
(Kleyna et al. 1998)
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)
tot,V

= 79
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0,V

= 60

(Mateo 1998)
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L

)
particles

= 12

But :

(Gomez-Flechoso & 
Martinez-Delgado 2003)
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UMi
D=65kpc
(Martinez-Delgado et al.,
 in prep)
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Substructure   
significant :
(Kleyna  et al.  2003)



Pavel  Kroupa:  Sternwarte,  University  of  Bonn

S  shape : 
strong  evidence  for  

extra-tidal  stars

Massive  CDM  

halo   ?

UMi
D=65kpc
(Martinez-Delgado et al., 
in prep)



Fornax      
D=140kpc
(Demers et al. 1994)
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(Mateo 1998)
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Fornax      
D=140kpc
(Walcher et al. 2003)
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Massive  CDM  

halo   ?



Carina     
D=93kpc
(Walcher et al. 2003)
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)
0,V

= 31

(
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)
0,V

= 30

(Mateo  1998)

But, it  may  have  lost 
 > 90% 

of   its  stars 
(Majewski et al. 2000) 
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Sculptor     
D=79kpc
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(Walcher et al. 2003)
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(Irwin & 
Hatzidimitriou  1995)

Leo I    
D=270kpc
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0,V

= 3.1

(Mateo 1998)
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= 4.6
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Leo I    
D=270kpc
(Sohn, Majewski 
et al.,  in prep.)

S  shape : 
strong  evidence  for  

extra-tidal  stars

Massive  CDM  

halo   ?



Alternatively,  if  we  want  to  
keep  CDM  theory, 

then  the  dSph   satellites  can’t  be  DM  dominated.

The  dSph  satellites  can  be  filled  with  
DM,  but  only  by  

leaving  the  logical  framework  of  CDM  theory.

Thus,  by  adding  additional  parameters  
(core  radius,  cutoff radius)   are  improved  fits  obtained.

Is  this  surprising?
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Lacey & Cole 
(1993)

The  structure  of  CDM  halos



IV) The  near-self-similar  structure  of  host  DM  halos:
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MW  satellites are  instead  in  a  disk-like  configuration:
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(Kroupa, Theis  & Boily 
2005)
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MW  satellites are  instead  in  a  disk-like  configuration:
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(Kroupa, Theis  & Boily 
2005)



(Kroupa, Theis  & Boily 2005)
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The   MW  dSph   satellites  thus   fulfill:

1)  Stable  pole  position  independent  of  which   
     satellites  are  picked.

2)  A  plane  that  passes  close  (few  kpc)   to  the  GC.

3)  A  plane  highly  inclined  to  the  dominant    
     accretion  structure  (the MW disk). 

4)  A  thin plane:  ∆/R < 0.17



This  is  inconsistent  with  shape  of  
CDM  halo  with  

> 99.6%  confidence  
if   it  is  

flattened  and  approximately  co-planar  to  MW  disk.

Observational  evidence  supports  this  for  the  MW 
(Merrifield 2001;   Ibata et al. 2001;    Majewski et al. 2003;    Martinez-Delgado et al.  

2004;    Johnston, Law & Majewski 2005).

Theoretical  work  incorporating  dissipational  
physics  also 

(Dubinski 1994;  Kazantzidis et al. 2004;  Okamoto  et al. 2005).
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Kroupa,  Theis & Boily (2005)  prompted  
“a  cosmological  turmoil”  

and  a  
“flurry  of  activity  . . .  burst  out”  

(Lee & Kang 2005) :

Kang, Mao, Gao & Jing (2005, A&A ) : . . .  I



Kroupa,  Theis & Boily (2005)  prompted  
“a  cosmological  turmoil”  

and  a  
“flurry  of  activity  . . .  burst  out”  

(Lee & Kang 2005) :

Zentner,  Kravtsov,  Gnedin  & Klypin (2005, ApJ) :

Pavel  Kroupa:  Sternwarte,  University  of  Bonn

. . .  II



Kroupa,  Theis & Boily (2005)  prompted  
“a  cosmological  turmoil”  

and  a  
“flurry  of  activity  . . .  burst  out”  

(Lee & Kang 2005) :
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. . .  IIILibeskind,  Frenk,  Cole,  Helly,  Jenkins,  
Navarro  &  Power (2005, MNRAS):
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CDM  cosmologists  are  happy  . . .

or   are  they  ?



Zentner et al. (2005, ApJ)           attempt   to   argue  that  
the  MW  dSph  satellites  are  CDM  sub-halos/satellites,

but  this 
requires  a  pronounced  prolate  MW  halo:  

c/a ≈ b/a ≈ 0.6

which  is              to  the  MW  disk  (i.e.  repeat  of  the  
argument  by  Hartwick  2000).
⊥
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(II)
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But  Kazantzidis et al. 2004  note  that   gas  dissipation 

more  spherical   halo  shapes  
even  out  to  virial  radius.

Zentner et al. 
2005 :

G1
G2
G3

oblate

prolate

MW
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THUS,  II  is  excluded.
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Libeskind  et al. 
(2005, MNRAS) 
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suggest  the  
“Durham  Pancake”  

solution :

They  find  that  the  
major  axis  of  the  

satellite  distribution   
is  approximately  

co-aligned  to  that  
of  the  host  DM  

halo!  

(III)



Libeskind,  Frenk,  Cole,  Helly,  Jenkins,  et al. 
(2005, MNRAS) 

  need  to  invoke                location   of   the  MW  disk  
relative  to  their  satellite  distribution.

⊥
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But,  this   appears   to  contradict   their  own   
results :
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Okamoto,  Eke,  Frenk,  Jenkins (2005,  MNRAS)
(again  the  Durham  team)

Here,  they  state  that   
the  disk  is  approximately  co-planar  

to  the  major  plane
of  the  host  DM  halo.

And,  the  host  DM  halo  is  flattened
such:                  .

But,  the  model  satellites  ought  to   
lie       ,

which  contradicts  the   assertion  by  
Libeskind  et al.  that  the

major  axis  of  satellites  and  of
host  DM  halo are  aligned.



Agustsson  &  Brainerd  (2005, ApJ) :
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Thus:  

Not:  
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The  correlation  of  angular  momenta
the  Durham-Pancake  satellites:

Metz, Kroupa   et al. 
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The  correlation  of  angular  momenta
the  real  satellites:

Metz, Kroupa   et al. 



THUS,  III  is  excluded.
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Andromeda
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(Koch  &  Grebel   2005)

dSph 
dEs,  cEs
dIrrs,  dIrr/dSph

Polar  plane  containing 
9  out  of  15  companions

and 
8  out  11  

early-type  companions. 

Significance:  99.7 %

Thickness:  32 kpc
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From                to                  .α Ω



The  hypothesis  that  the  dSph  satellites  are  
related  to  CDM  sub-structures  is  

“uncomfortable” (probably  wrong) :

Too  many  “ifs  and  twiddles”, 
no  consistent  theoretical  picture

within  CDM  framework,
even  contradictions  emerge.

Without  invoking  exotic  physics
What’s  the  alternative  ?

Pavel  Kroupa:  Sternwarte,  University  of  Bonn



Instead,  the  Disk  of  Satellites  suggests  a 
causal  connection  ...

In fact,  such  a  causal  connection  is   supported  by  detailed  
kinematical  measurements.  
The MW Disk of Satellites is composed of
A) The  LMC-SMC-UMi-Draco-Carina  stream. 
      parent:  LMC 
B) The Fornax-LeoI-LeoII-Sculptor-Sextans  stream:   
     parent: Fornax
       (Lynden-Bell 1976, 1982;   Kunkel & Demers 1976;   Kunkel 1979;   Lynden-Bell &    
        Lynden-Bell 1995;  Majewski 1994;  Palma et al. 2002;   Dinescu et al. 2004)

This then  would  imply  (even  prove)  that  none  of   
UMi, Draco, Carina  nor  LeoI, LeoII, Sculptor, Sextans   

can  be  DM  dominated !!
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Tidal  tails



Tidal-dwarf
 satellite  galaxies

A conservative,  classical  approach  to  the  problem  of  
dSph  satellites.
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(Mirabel,  Dottori  &  Lutz  1992;  Duc  &  Mirabel  1994)



(Weilbacher et al. 2000)
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TDG-candidates  are  observed  to  form  often  when  
gas-rich  galaxies  interact.  Sometimes

        candidates  are  seen  per  event.  

Expect               to scale  with  gas  content  and  thus   
evolutionary  status  of  interacting  galaxies.  

NTDG ≈ 12

NTDG

TDGs   are  baryon  dominated
(Barnes & Hernquist 1992).
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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)
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clusters as 
fundamental galactic 

building blocks



1-10%  of  
population  
in  remnant Pa
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(Kroupa 1997)

Remnants  have  a  highly  
anisotropic           
and  mass  

and                                !
≈ 10

5
M!

f(R, V )

M

L
≈ 10

2−3

σlos = few − 20 km/s

Note:

depending  on  projection 
along  orbit.

e = 0.74

e = 0.60
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Conclusions
• Kinematical  streams  rule-out  DM-dominated 

dSphs! 

• Long-lived  dSph-like  solutions  can  be  obtained  
from  tidal-dwarf-galaxy  progenitors.

• Some  dSph  satellites  may  be  TDGs  born  as 
star-cluster  complexes (cf.  Tadpole).

• Remnants  have  a  highly  non-isotropic  phase-
space  distribution  function  with                          .  

• Future  theoretical  work  needs  to  study  the  
detailed  phase-space  properties  of  remnants.

• Contamination  of  the  LF  of  dwarf-galaxies  by  
TDGs ...  (Okazaki & Taniguchi 2000)    ?

(M/L)obs > 10
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1)  If streams  true  
     then  dSph’s  cannot  be  DM  dominated.

2)  If streams  true  and  dSph’s  are  DM  dominated
      then  CDM  theory  is  ruled  out (the ‘kiss of     
      death”).

3)  If  streams  wrong  and  dSph’s  are  DM  dominated
      then  humanity  was  born  during  
      the Great  Galactic  Satellite  Constellation  
      (”star of  Bethlehem scenario”)
      and  CDM  theory  is  ruled  out.

 Possibility  1)  appears  most  pallatable  (i.e.  TDGs).

Conclusions



The  END
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