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What	
  soluCons	
  do	
  we	
  have?	
  

1.  The	
  dSph	
  galaxies	
  are	
  heavily	
  dark	
  maHer	
  
dominated	
  è	
  how	
  can	
  we	
  explain	
  the	
  
twisted	
  shapes	
  and	
  substructure?	
  

2.  We	
  have	
  to	
  invoke	
  a	
  new	
  theory	
  of	
  
gravitaCon	
  –	
  MOND	
  è	
  for	
  some	
  dSph	
  not	
  
sufficient?	
  

3.  The	
  dSph	
  galaxies	
  we	
  see	
  are	
  TDG	
  or	
  star	
  
clusters	
  on	
  the	
  brink	
  of	
  destrucCon.	
  è	
  we	
  
have	
  to	
  find	
  a	
  possible	
  progenitor	
  for	
  every	
  
single	
  one	
  of	
  them.	
  



Scenario	
  1:	
  Dark	
  MaHer	
  rules	
  

•  If	
  the	
  high	
  measured	
  mass-­‐to-­‐light	
  raCo	
  is	
  
true,	
  i.e.	
  the	
  dwarfs	
  are	
  highly	
  dark	
  maHer	
  
dominated,	
  then	
  they	
  are	
  sCll	
  well	
  shielded	
  
from	
  Cdal	
  effects	
  to	
  the	
  luminous	
  component.	
  

•  All	
  the	
  features	
  of	
  the	
  dSph	
  are	
  not	
  due	
  to	
  any	
  
orbit	
  but	
  are	
  intrinsic	
  and	
  we	
  do	
  know	
  nothing	
  
about	
  their	
  orbits.	
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4	
  Hercules	
  exhibits	
  a	
  velocity	
  gradient	
  
According	
  to	
  our	
  models	
  
	
  it	
  could	
  be	
  DM	
  dominated	
  

	
  Example:	
  Hercules	
  as	
  a	
  DM	
  
dominated	
  object	
  



DistribuCon	
  of	
  the	
  Ncl	
  star	
  clusters:	
  
Plummer	
  distribuCon	
  with	
  
Rpl,sc	
  and	
  Mpl,sc	
  =	
  4.5	
  x	
  105	
  Msun	
  	
  

Ncl	
  Star	
  Clusters:	
  
Plummer	
  spheres	
  with	
  
Rpl,cl	
  =	
  4	
  pc	
  and	
  
Ncl	
  ×	
  Mpl,cl,end	
  =	
  4.5	
  x	
  105	
  Msun	
  

Star	
  formaCon	
  
efficiency	
  ε	
  =	
  0.2	
  
Mpl,cl,end	
  =	
  	
  ε	
  Mpl,cl,init	
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DM	
  halo:	
  MDM(500pc)	
  
Cusped	
  =	
  NFW	
  profile:	
  rscale	
  and	
  
Mvir	
  
Cored	
  =	
  Plummer	
  profile	
  Rpl	
  and	
  
Mpl	
  

Our	
  models:	
  



Scenario	
  2:	
  MOND???	
  

We	
  have	
  no	
  models	
  for	
  this	
  scenario	
  yet,	
  
but	
  G.	
  Candlish	
  develloped	
  a	
  MONDian	
  

N-­‐body	
  code	
  called	
  
RAyMOND	
  (Ramses	
  y	
  Mond)	
  



Scenario	
  3:	
  Do	
  we	
  really	
  need	
  
DM	
  or	
  strange	
  gravity?	
  

Or	
  are	
  the	
  faint	
  dwarfs	
  just	
  TDGs	
  or	
  
star	
  clusters	
  in	
  disrupCon?	
  



Our	
  IniCal	
  Models	
  
One	
  component	
  model	
  (i.e.	
  no	
  or	
  no	
  significant	
  
dark	
  maHer	
  content)	
  

•  Plummer	
  spheres	
  with	
  two	
  iniCal	
  parameters:	
  
– Mass	
  Mpl	
  

–  Scale-­‐length	
  Rpl	
  
•  Generic	
  Infall/FormaCon	
  Cme	
  of	
  10	
  Gyr.	
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Note:	
  We	
  also	
  test	
  for	
  shorter	
  
orbital	
  Cmes	
  (5Gyr)	
  and	
  different	
  
mass-­‐profiles	
  (Hernquist)	
  -­‐>	
  will	
  
change	
  iniCal	
  parameters	
  but	
  not	
  
conclusions.	
  
	
   H.C.Plummer	
  



New	
  Method	
  

•  Instead	
  of	
  searching	
  for	
  a	
  best	
  figng	
  model	
  by	
  
try	
  and	
  error	
  we	
  invesCgate	
  a	
  wide	
  parameter	
  
space	
  of	
  iniCal	
  parameters	
  and	
  look	
  for	
  global	
  
relaCons	
  to	
  match	
  the	
  observed	
  quanCCes	
  
separately	
  to	
  deduce	
  the	
  best	
  fit	
  model	
  
directly.	
  

•  Example:	
  Hercules	
  
– Rpl:	
  5	
  to	
  120	
  pc	
  
– Mpl:	
  5x104	
  to	
  106	
  Msun	
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Hercules	
  

We	
  assume	
  the	
  
published	
  orbit	
  by	
  
MarCn	
  &	
  Jin.	
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Keeping	
  a	
  constant	
  Rpl	
  
and	
  increasing	
  Mpl	
  

Matching	
  the	
  Final	
  Mass	
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16	
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Now	
  we	
  can	
  fit	
  
power	
  laws.	
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And	
  determine	
  for	
  each	
  
Rpl	
  which	
  Mpl	
  leads	
  to	
  the	
  
correct	
  final	
  mass.	
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We	
  can	
  also	
  keep	
  the	
  mass	
  
Mpl	
  constant	
  and	
  increase	
  Rpl	
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Again	
  figng	
  power	
  laws	
  
and	
  find	
  the	
  matching	
  
Rpl	
  for	
  each	
  Mpl	
  which	
  
leads	
  to	
  the	
  correct	
  
final	
  mass.	
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Plogng	
  all	
  
matching	
  points	
  
in	
  the	
  iniCal	
  
parameter	
  plane	
  
we	
  can	
  fit	
  a	
  
power	
  law	
  
describing	
  all	
  
pairs	
  of	
  iniCal	
  
condiCons	
  
which	
  lead	
  to	
  
the	
  correct	
  final	
  
mass.	
  



Central	
  
Surface	
  

Brightness	
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Velocity	
  
Dispersion	
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EffecCve	
  
Radius	
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Velocity	
  
Gradient	
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PosiCon	
  
Angle	
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ElongaCon	
  



Best	
  fit	
  
model	
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Excluding	
  the	
  
elongaCon	
  which	
  
we	
  cannot	
  match:	
  
Rpl	
  =	
  76	
  –	
  96	
  pc	
  
Mpl	
  =	
  2.5	
  –	
  4.4	
  x	
  105	
  
Msun	
  

Best	
  match	
  at:	
  
Rpl	
  =	
  88	
  pc	
  
Mpl	
  =	
  3.4x105	
  Msun	
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Surface	
  
Brightness	
  
Contours	
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Velocity	
  
Dispersion	
  
Contours	
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Velocity	
  
Gradient	
  



Segue	
  1	
  



  

Distance GC 27 [kpc]

ORBITSORBITS

Apocenter 31.62 [kpc]

Pericenter 2.86 [kpc]

Proper motion Value

µ
α

-0.19 [mas/yr]

µ
δ

-1.9 [mas/yr]



  

MASSMASS SURFACE BRIGHTNESSSURFACE BRIGHTNESS  

DISPERSIONDISPERSION EFFECTIVE RADIUSEFFECTIVE RADIUS



  

FINAL MODELFINAL MODEL

Parameter Final value

Mass 672 [M
o
]

Surface brightness 28.49 [mag]

Velocity dispersion 3.43 [km/s]

Effective radius 27.4 [pc]

Initial parameter Value

Plummer Mass 7673 [M
o
]

Plummer Radius 6.15 [pc]



  

FINAL MODELFINAL MODEL

Parameter Final value

Mass 672 [M
o
]

Surface brightness 28.49 [mag]

Velocity dispersion 3.43 [km/s]

Effective radius 27.4 [pc]

Initial parameter Value

Plummer Mass 7673 [M
o
]

Plummer Radius 6.15 [pc]

These	
  are	
  
parameters	
  
of	
  a	
  small	
  
star	
  cluster	
  



Older	
  Models:	
  

Done	
  the	
  old	
  fashioned	
  trial	
  and	
  
error	
  way	
  



Ursa	
  Mayor	
  II	
  (Smith	
  et	
  al.	
  2012)	
  
no	
  connecCon	
  with	
  the	
  Orphan	
  Stream	
  



•  IniCal	
  mass:	
  7.57	
  x	
  105	
  Msun	
  

•  IniCal	
  scale	
  radius:	
  11.7	
  pc	
  
•  μα	
  =	
  -­‐0.3	
  mas/yr	
  
•  μδ	
  =	
  -­‐1.4	
  mas/yr	
  
•  Rperi	
  =	
  2.4	
  kpc	
  
•  Rapo	
  =	
  36.5	
  kpc	
  
•  e	
  =	
  0.87	
  
•  T	
  =	
  0.43	
  Gyr	
  



Bootes	
  I	
  

•  σbound	
  	
  	
  	
  	
  	
  	
  	
  =	
  0.8	
  km/s	
  (red)	
  
•  σall	
  distances	
  =	
  5.7	
  km/s	
  (black)	
  
•  σd<500pc	
  	
  	
  	
  	
  =	
  5.0	
  km/s	
  (green)	
  



Yes,	
  we	
  published	
  that	
  Bootes	
  I	
  cannot	
  
be	
  modelled	
  as	
  a	
  DM	
  free	
  object.	
  
BUT:	
  That	
  was	
  before	
  the	
  corrected	
  
(and	
  much	
  smaller)	
  velocity	
  dispersion	
  
was	
  observed	
  and	
  communicated	
  to	
  
the	
  public.	
  	
  
One	
  of	
  our	
  old	
  models,	
  shows	
  the	
  
correct	
  velocity	
  dispersion	
  and	
  
matches	
  all	
  other	
  parameters	
  of	
  
Bootes	
  I.	
  



Conclusions	
  

•  So	
  far	
  for	
  each	
  faint	
  dSph	
  galaxy	
  we	
  
invesCgated,	
  we	
  found	
  a	
  DM	
  free	
  progenitor	
  
model.	
  

•  The	
  soluCons	
  have	
  in	
  common	
  that	
  we	
  see	
  the	
  
objects	
  close	
  to	
  their	
  apogalacCcon	
  (very	
  
likely),	
  on	
  eccentric	
  orbits	
  (not	
  unusual)	
  and	
  
aver	
  a	
  long	
  history	
  of	
  Cdally	
  induced	
  mass-­‐
loss	
  (also	
  very	
  likely).	
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Bound	
  regime	
   Tidal	
  regime	
  

Stream	
  regime	
  

30pc	
   65pc	
  

80pc	
   100pc	
  

Mpl	
  =	
  2x105	
  Msun	
  

Strange	
  
regime	
  with	
  
flipped	
  
orientaCon	
  



X-­‐Wing	
  effect	
  

47	
  

65pc	
   80pc	
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BUT:	
  



Conclusion	
  for	
  Hercules:	
  

•  We	
  only	
  reach	
  sufficient	
  elongaCon	
  when	
  the	
  
posiCon	
  angle	
  is	
  already	
  flipped.	
  

•  SimulaCons	
  with	
  correct	
  posiCon	
  angle	
  do	
  not	
  
match	
  the	
  elongaCon.	
  

è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  è	
  
•  Either	
  the	
  measured	
  elongaCon	
  of	
  Hercules	
  is	
  
wrong.	
  

•  OR:	
  the	
  published	
  orbit	
  is	
  wrong.	
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