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ABSTRACT	
  
	
  
The	
   Smith	
   Cloud	
   is	
   an	
   extraordinary	
   gas	
   structure	
  with	
   a	
   cometary	
   tail	
  
being	
   accreted	
   onto	
   the	
   Galaxy	
   (Lockman	
   et	
   al.	
   2008).	
   Using	
  
hydrodynamical	
   simulaQons,	
   we	
   find	
   that	
   it	
   could	
   not	
   have	
   survived	
   a	
  
passage	
   through	
   the	
   GalacQc	
   disk	
   unless	
   the	
   cloud	
   is	
   encapsulated	
   by	
  
dark	
   maUer.	
   As	
   it	
   stands,	
   the	
   Smith	
   Cloud	
   might	
   represent	
   the	
   best	
  
tesQng	
  ground	
  for	
  dark	
  maUer	
  content	
  and	
  confinement	
  in	
  these	
  puzzling	
  
gaseous	
  systems	
  surrounding	
  our	
  Galaxy.	
  We	
  determine	
  flux	
  upper	
  limits	
  
to	
   the	
   gamma-­‐ray	
   emission	
   around	
   a	
   hypothesized	
   dark	
  maUer	
   core	
   in	
  
the	
  Smith	
  Cloud,	
  and	
  set	
  constraints	
  on	
  the	
  dark	
  maUer	
  annihilaQon	
  cross	
  
secQon	
  (Nichols	
  et	
  al.	
  2014)	
  
	
  
DYNAMICAL	
  HISTORY	
  
	
  	
  
Under	
  conservaQve	
  assumpQons,	
  the	
  derived	
  velocity	
  of	
  	
  the	
  Smith	
  Cloud	
  
indicates	
  that	
  it	
  will	
  have	
  undergone	
  at	
  least	
  one	
  passage	
  of	
  the	
  GalacQc	
  
disk.	
  Without	
  arising	
  from	
  the	
  disk	
  and	
  a	
  Qdal	
  event	
  being	
  unlikely,	
  the	
  
origin	
  of	
  the	
  Smith	
  cloud	
  is	
  likely	
  to	
  be	
  from	
  extragalacQc	
  infalling	
  gas	
  
(Fig.	
  1).	
  Given	
  its	
  relaQve	
  proximity,	
  derivable	
  orbit	
  and	
  large	
  mass	
  it	
  
appears	
  as	
  the	
  ideal	
  astrophysical	
  site	
  to	
  study	
  dark	
  maUer	
  confinement	
  
of	
  HI	
  clouds	
  (Mirabal	
  2013).	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  

FERMI-­‐LAT	
  OBSERVATIONS	
  AND	
  DARK	
  MATTER	
  LIMITS	
  
	
  
To	
  search	
  for	
  potenQal	
  gamma-­‐ray	
  emission	
  from	
  the	
  dark	
  maUer	
  
annihilaQon	
  of	
  weakly	
  interacQng	
  parQcles	
  (WIMPs)	
  around	
  the	
  Smith	
  
Cloud,	
  	
  we	
  used	
  Fermi-­‐LAT	
  observaQons	
  carried	
  out	
  between	
  2008	
  
August	
  4	
  to	
  2013	
  June	
  11	
  (~4.85	
  years	
  of	
  data).	
  The	
  analysis	
  is	
  performed	
  
using	
  the	
  v9r27p1	
  Fermi	
  Science	
  tools.	
  With	
  the	
  current	
  Fermi	
  data,	
  we	
  
do	
  not	
  see	
  obvious	
  correspondence	
  between	
  the	
  gamma-­‐ray	
  emission	
  
and	
  the	
  observed	
  HI	
  morphology	
  (Fig.	
  3).	
  We	
  exclude	
  WIMPs	
  annihilaQng	
  
into	
  b	
  quarks	
  with	
  an	
  annihilaQon	
  cross	
  secQon	
  of	
  3	
  x	
  10-­‐25	
  cm3	
  s-­‐1	
  	
  for	
  	
  
masses	
  	
  around	
  10	
  GeV	
  (see	
  also	
  Drlica-­‐Wagner	
  et	
  al.	
  2014).	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  Fig.	
  3.	
  Smoothed	
  Fermi-­‐LAT	
  1-­‐300	
  GeV	
  count	
  map.	
  HI	
  contours	
  for	
  the	
  
Smith	
  Cloud	
  are	
  overlaid.	
  2FGL	
  point	
  sources	
  are	
  shown	
  in	
  white.	
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  Fig.	
  1.	
  Observed	
  HI	
  21	
  cm	
  GBT	
  image	
  of	
  the	
  Smith	
  Cloud.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Fig.	
  2.	
  Simulated	
  HI	
  intensity	
  for	
  a	
  HVC	
  that	
  has	
  passed	
  through	
  the	
  
GalacQc	
  disk,	
  without	
  dark	
  maUer	
  (top	
  row),	
  or	
  encapsulated	
  by	
  a	
  dark	
  
maUer	
  halo	
  (boUom	
  row).	
  Dark	
  maUer	
  is	
  shown	
  in	
  red.	
  	
  
	
  
	
  
NUMERICAL	
  SIMULATIONS	
  
	
  
In	
  an	
  aUempt	
  to	
  replicate	
  the	
  observed	
  mass,	
  morphology	
  and	
  HI	
  
distribuQon	
  of	
  the	
  Smith	
  Cloud	
  today	
  (Fig.	
  1),	
  we	
  use	
  the	
  AdapQve	
  Mesh	
  
Refinement	
  (AMR)	
  code	
  RAMSES	
  (Teyssier	
  2002).	
  Using	
  RAMSES	
  we	
  
simulated	
  the	
  disk	
  passage	
  of	
  both	
  a	
  dark	
  maUer	
  enclosed	
  HI	
  cloud	
  and	
  a	
  
dark	
  maUer	
  free	
  cloud,	
  along	
  the	
  Smith	
  Cloud’s	
  expected	
  orbital	
  path	
  
from	
  peak	
  height	
  above	
  the	
  disk	
  204	
  Myr	
  ago	
  and	
  compared	
  it	
  to	
  new	
  HI	
  
observaQons.	
  We	
  include	
  a	
  realisQc	
  progenitor	
  to	
  the	
  Smith	
  Cloud	
  and	
  a	
  
realisQc	
  model	
  of	
  the	
  Milky	
  Way	
  which	
  includes	
  live	
  stellar	
  and	
  gaseous	
  
disks	
  and	
  dark	
  maUer	
  halo.	
  The	
  Smith	
  Cloud	
  progenitor	
  is	
  modeled	
  over	
  a	
  
range	
  of	
  densiQes.	
  In	
  Fig.	
  2	
  we	
  show	
  the	
  expected	
  HI	
  density	
  today	
  
(rescaled	
  to	
  maximum	
  density	
  in	
  each	
  case)	
  for	
  both	
  dark	
  maUer	
  free	
  
clouds	
  (top	
  row)	
  as	
  well	
  as	
  dark	
  maUer	
  encapsulated	
  clouds	
  (boUom	
  
row).	
  With	
  a	
  dark	
  maUer	
  halo,	
  a	
  cloud	
  is	
  able	
  to	
  survive	
  the	
  passage	
  
through	
  substanQally	
  intact.	
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n=0.2 cm�3 n=0.3 cm�3 n=0.4 cm�3

Figure 3. Simulated HI intensity for a HVC that has passed through the Galactic disc, without dark matter (top row) or encapsulated
by a dark matter halo (bottom row). The columns correspond to the initial density of the HI cloud, from left to right, n = 0.2 cm�3,
n = 0.3 cm�3, and n = 0.4 cm�3. Each plot is scaled to the simulation maximum HI column density. In the dark matter present cases, the
contours, shown in (red) solid lines, represent the average line of sight dark matter density between 108 M� kpc�3 and 106 M� kpc�3

in 0.25 dex steps. The hatched pattern displayed in the low density gas present in the n = 0.3 cm�3 figures is a graphical artifact, arising
from the conversion between coarse low-density AMR grids and the higher density grids used for plotting. This hatching only arises at
column densities well below the vast majority of the Smith Cloud and hence can be safely ignored when considering the morphology.

replicating the general shape and drop o↵ at column densi-
ties exceeding 1 ⇥ 1020 cm�2, with only occasional clumps
above this limit. Compared to this, both high density mod-
els don’t begin to drop o↵ until ⇠ 3 ⇥ 1020 cm�2, and re-
tain clumps of gas above this limit. Such clumps approach
or exceed the lower limit of star formation free regions in
dwarf galaxies (Ekta, Chengalur, & Pustilnik 2008) suggest-
ing that such a cloud would begin forming stars regardless
of the dark matter content.

Shown in Fig. 6, the best fit model also displays a
velocity gradient reminiscent of the observed cloud. The
velocity gradient is shown in terms of VGSR = VLSR +
220 sin(l) cos(b) km s�1, with the simulated cloud having
a velocity gradient ⇠7 km s�1 per degree. This is in con-
trast to the observed Smith Cloud which possess a velocity
gradient ⇠4 km s�1 per degree (see Fig. 3 Lockman et al.
2008). However, due to the large degree of variation in both
figures, such a discrepancy is not significant.

2.4 Dark matter properties

Given the above problems for a dark matter free Smith
Cloud, the assumption of an encapsulating dark matter halo
remains a viable hypothesis. A simple range on the mass of
the dark matter halo can be calculated by examining two
boundary conditions. If the halo is not massive enough it
will face the same problems as a dark matter free cloud and
will quickly smooth out after passing through the disc. If
it is too massive, the potential well will have enabled star
formation to take place inside the core of the Smith Cloud,
something for which there is no evidence.

Analytic limits are explored in Nichols & Bland-
Hawthorn (2009) which, for an NFW profile, gives limits
corresponding to a dwarf galaxy sized dark matter halo
Mvir = 109 M�, although this may vary by at least a fac-
tor of 3. Such a halo corresponds to rs ⇠ 1–1.8 kpc and
⇢s ⇠ 6⇥ 106–2⇥ 107 M� kpc�3.
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