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OBSERVATIONAL	
  EVIDENCE	
  OF	
  DARK	
  MATTER	
  (DM)	
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Galactic scales Galaxy clusters scales Cosmological scales 

a)  Rotation	
  curves	
  of	
  spirals	
  
b)  Weak	
  lensing	
  
c)  Velocity	
  dispersions	
  of	
  

satellite	
  galaxies	
  
d)  Velocity	
  dispersions	
  in	
  

dSphs	
  

a)  Velocity	
  dispersions	
  of	
  
individual	
  galaxies	
  

b)  Strong	
  and	
  weak	
  
lensing	
  

c)  Peculiar	
  velocity	
  flows	
  
d)  X-­‐ray	
  emission	
  

a)  CMB	
  anisotropies	
  
b)  Growth	
  of	
  structure	
  
c)  LSS	
  distribution	
  
d)  BAOs	
  
e)  SZ	
  effect	
  

Evidences	
  have	
  been	
  reported	
  at	
  different	
  scales.	
  



 

VISIBLE MATTER 
 
 

 
 

DARK MATTER 
 

 

 
 
 
 
 
 
 

DARK ENERGY 
 
 
 
 
 
 
 
 
 
 
 
 

ü  Settled	
  in	
  the	
  Big	
  Bang	
  scenario.	
  

ü  Non-­‐baryonic	
  DM	
  needed	
  to	
  explain	
  

observations	
  at	
  different	
  scales.	
  

ü  Cold	
  DM	
  to	
  explain	
  the	
  observed	
  Large	
  

Scale	
  Structure.	
  

ü  Λ	
  term	
  to	
  explain	
  the	
  measured	
  cosmic	
  

acceleration.	
  



	
  What	
  could	
  the	
  DM	
  be	
  made	
  of?	
  

1)  Neutral.	
  

2)  Stable/long-­‐lived:	
  still	
  present	
  today	
  

since	
  the	
  early	
  Universe.	
  

3)  Cold. 	
  	
  

4)  Reproduce	
  the	
  observed	
  DM	
  amount	
  

	
  

q  No	
  viable	
  candidate	
  in	
  the	
  Standard	
  Model	
  

ü  The	
  neutrino,	
  the	
  only	
  non-­‐baryonic	
  DM	
  

candidate	
  known	
  to	
  exist,	
  is	
  excluded.	
  

q  Huge	
  plethora	
  of	
  possible	
  candidates	
  beyond	
  

the	
  Standard	
  Model	
  

Most	
  of	
  the	
  matter	
  in	
  the	
  Universe	
  must	
  be	
  in	
  the	
  form	
  of	
  non-­‐baryonic	
  DM.	
  
	
  



A.  Direct detection: scattering of  DM particles on target nuclei (nuclei recoil expected). 

B.  Indirect detection: DM annihilation products (neutrinos, positrons, gammas…) 

C.  Direct production of  DM particles at the lab. 
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Why gammas? 
ü Energy scale of annihilation products set by DM particle mass  

à favored models ~GeV-TeV 
ü Gamma-rays travel following straight lines  

à source can be known 
ü [In the local Universe] Gamma-rays do not suffer from attenuation 

 à spectral information retained. 

Gamma-­‐rays	
  from	
  dark	
  matter	
  annihilations	
  



F(E! > Eth,!0 ) = J(!0 )" fPP E! > Eth( ) photons cm-2 s-1  
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The	
  DM	
  annihilation	
  γ-­‐ray	
  flux	
  

Astrophysics 

J(!0 ) =
1
4!

d"
#"

$ "DM
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l.o.s.$

Where to search? 
	
  

•  Galac3c	
  Center	
  
•  Dwarf	
  spheroidal	
  galaxies	
  	
  
•  Local	
  galaxy	
  clusters	
  
•  Nearby	
  galaxies...	
  

Particle physics 

fPP!
dN f

!
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Ng	
  :	
  number	
  of	
  photons	
  
per	
  annihila3on	
  
above	
  Eth	
  

<σ v>:	
  cross	
  sec3on	
  
mχ:	
  neutralino	
  mass	
  

Alex Drlica-Wagner   |   Indirect Detection

Particle Spectrum
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Fermi-­‐LAT	
  

MAGIC 

E. range: 50 GeV - >10TeV 

E. resolution: ~20%  

FOV: ≈ 4 deg. 

Angular resolution: ≈ 0.1º 

Effective area ~ 105  m2 

E. range: 20 MeV - >1 TeV 

E. resolution: ~10% @  GeV 

FoV: ≈ 2.4 sr 

Angular resolution: ~0.2º@10 GeV 

Effective area ~ m2 

Typical	
  Cherenkov	
  telescope	
  

Present	
  gamma-­‐ray	
  observatories	
  



The	
  Fermi	
  Large	
  Area	
  Telescope	
  

Si-­‐Strip	
  Tracker:	
  
convert γ-­‐>e+e-­‐	
  

reconstruct	
  γ	
  direction	
  
EM	
  v.	
  hadron	
  separation	
  
	
  

Hodoscopic	
  CsI	
  Calorimeter:	
  
measure	
  γ	
  energy	
  
image	
  EM	
  shower	
  
EM	
  v.	
  hadron	
  separation	
   Anti-­‐Coincidence	
  Detector:	
  	
  	
  

Charged	
  particle	
  separation	
  
	
  

Trigger	
  and	
  Filter:	
  
Reduce	
  data	
  rate	
  from	
  ~10kHz	
  to	
  300-­‐500	
  HZ	
  

Fermi	
  LAT	
  Collaboration:	
  
~400	
  Scientific	
  Members,	
  
NASA	
  /	
  DOE	
  &	
  International	
  
Contributions	
  	
  	
  

Public	
  Data	
  Release:	
  
All	
  γ-­‐ray	
  data	
  made	
  public	
  within	
  24	
  hours	
  (usually	
  less)	
  

Sky	
  Survey:	
  
2.5	
  sr	
  field-­‐of-­‐view	
  
whole	
  sky	
  every	
  3	
  hours	
  

LAUNCHED	
  IN	
  JUNE	
  2008	
  
Mission	
  approved	
  through	
  2016	
  

Searching for Galactic 
Dark Matter 

Substructure

Alex Drlica-Wagner

on behalf of the 
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Fermi-­‐LAT	
  performance	
  

Energy Resolution	
  

All-Sky Coverage	
  

Point Spread Function	
  

Effective Area	
  

0.7 m2	
  

0.8o	
  

0.15o	
  10%	
  

Every ~3 Hours	
  

Searching for Galactic 
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THE	
  GAMMA-­‐RAY	
  SKY	
  above	
  1	
  GeV	
  
5	
  years	
  of	
  Fermi	
  LAT	
  data	
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The	
  complexity	
  of	
  the	
  (Fermi)	
  gamma-­‐ray	
  sky	
  

???	
  
Galactic	
   Point	
  Sources	
   Isotropic	
  

Inverse	
  Compton	
   Bremsstrahlung	
   π0	
  decay	
  

12	
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THE	
  GAMMA-­‐RAY	
  SKY	
  above	
  1	
  GeV	
  
5	
  years	
  of	
  Fermi	
  LAT	
  data	
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The	
  DM-­‐induced	
  gamma-­‐ray	
  sky	
  

14	
  Dark	
  Matter	
  simulation:	
  
Pieri+(2009)	
  arXiv:0908.0195	
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Need	
  to	
  disentangle	
  dark	
  matter	
  annihilations	
  from	
  
conventional	
  astrophysics.	
  

	
  
Crucial	
  to	
  understand	
  the	
  astrophysical	
  processes	
  in	
  

great	
  detail.	
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Dark	
  Matter	
  Search	
  Strategies	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Satellites	
  

Low	
  background	
  and	
  good	
  

source	
  id,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  Galactic	
  Center	
  
Good	
  Statistics,	
  but	
  source	
  	
  

confusion/diffuse	
  background	
  

	
  	
  	
  	
  	
  	
  Milky	
  Way	
  Halo	
  
Large	
  statistics,	
  but	
  diffuse	
  

background	
  

	
  	
  	
  	
  	
  	
  	
  	
  Spectral	
  Lines	
  
Little	
  or	
  no	
  astrophysical	
  uncertainties,	
  good	
  

source	
  id,	
  but	
  low	
  sensitivity	
  because	
  of	
  

expected	
  small	
  branching	
  ratio	
  
Dark	
  Matter	
  simulation:	
  
Pieri+(2009)	
  arXiv:0908.0195	
  

Galaxy	
  Clusters	
  
Low	
  background,	
  but	
  low	
  statistics.	
  

Astrophysical	
  contamination	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Isotropic	
  background	
  
Large	
  statistics,	
  but	
  astrophysics,	
  galactic	
  
diffuse	
  background	
  	
  



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  HIGHLIGHTS___________________	
  
	
   	
  [FROM	
  RECENT	
  LAT	
  WORK]	
  

Inner	
  Galaxy	
  

DM	
  satellites	
  

Line	
  searches	
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Dark	
  Matter	
  Search	
  Strategies	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Satellites	
  

Low	
  background	
  and	
  good	
  

source	
  id,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  Galactic	
  Center	
  
Good	
  Statistics,	
  but	
  source	
  	
  

confusion/diffuse	
  background	
  

	
  	
  	
  	
  	
  	
  Milky	
  Way	
  Halo	
  
Large	
  statistics,	
  but	
  diffuse	
  

background	
  

	
  	
  	
  	
  	
  	
  	
  	
  Spectral	
  Lines	
  
Little	
  or	
  no	
  astrophysical	
  uncertainties,	
  good	
  

source	
  id,	
  but	
  low	
  sensitivity	
  because	
  of	
  

expected	
  small	
  branching	
  ratio	
  
Dark	
  Matter	
  simulation:	
  
Pieri+(2009)	
  arXiv:0908.0195	
  

Galaxy	
  Clusters	
  
Low	
  background,	
  but	
  low	
  statistics.	
  

Astrophysical	
  contamination	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Isotropic	
  background	
  
Large	
  statistics,	
  but	
  astrophysics,	
  galactic	
  
diffuse	
  background	
  	
  



Galactic	
  Center	
  region	
  
Source	
  confusion:	
  many	
  sources	
  close	
  to	
  the	
  GC	
  (or	
  in	
  the	
  l.o.s.).	
  

Diffuse	
  emission	
  modeling:	
  	
  large	
  uncertainties	
  	
  in	
  cosmic	
  ray	
  densities,	
  

interstellar	
  radiation	
  fields,	
  gas	
  densities…;	
  also	
  due	
  to	
  overlapping	
  

structures	
  along	
  the	
  l.o.s.	
  

Region	
  intensively	
  studied,	
  e.g.	
  Hooper	
  &	
  Linden	
  11,	
  Boyarski+11,	
  

Abazajian	
  &	
  Kaplinghat	
  12,	
  Abazajian+14,	
  Daylan+14	
  

	
  

�   Steep DM profiles predicted by CDM ⇒  Large DM annihilation/decay signal from GC!

   Good understanding of the conventional astrophysical background is crucial to extract 
a potential DM signal from this complex region of the sky:

‣ source confusion: many energetic sources near to or in the line of sight of the GC

‣ diffuse emission modeling: large uncertainties due to the overlap of structures 
along the line of sight,  difficult to model

Galactic Center Region

– 82 –

Fig. 1.— CR source density at z = 0 in arbitrary units as a function of Galactocentric

radius. Solid black curve: SNRs (Case & Bhattacharya 1998). Dashed blue curve: Pulsars

(Lorimer et al. 2006). Dotted red curve: Pulsars (Yusifov & Küçük 2004). Dash-dotted

green curve: OB stars (Bronfman et al. 2000). While the units are arbitrary, the relative

normalisations of the curves in the figure match those found in the GALPROP models used

in this analysis. The CR flux of the models is normalised to the observed CR flux at the solar

circle after propagation. The normalisation is done at 100 GeV and is therefore unaffected

by modulation.

Average gas density 

Interstellar radiation fieldCosmic ray source density
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�   Steep DM profiles predicted by CDM ⇒  Large DM annihilation/decay signal from GC!

Galactic Center Region

   Good understanding of the conventional astrophysical background is crucial to extract 
a potential DM signal from this complex region of the sky:

‣ source confusion: many energetic sources near to or in the line of sight of the GC

‣ diffuse emission modeling: large uncertainties due to the overlap of structures 
along the line of sight,  difficult to model

Disclaimer:	
  This	
  talk	
  only	
  on	
  LAT	
  work.	
  Non-­‐LAT	
  work	
  discussed	
  by	
  Siegal-­‐Gaskins	
  and	
  Hooper	
  



The	
  Galactic	
  Center	
  is	
  a	
  crowded	
  region	
  !	
  

Black	
  Hole	
  (Sgr	
  A*)	
  

EGRET	
  
source	
  

SNR	
  

	
  	
  	
  X-­‐ray	
  source	
  

SgrA	
  
East	
  

0,5º x 0,5º 

1,5º x 0,5º 
VLA 90cm 
MSX mid IR 
Chandra 1-8keV 



A	
  refined	
  Fermi	
  analysis	
  of	
  the	
  GC	
  ongoing	
  

•  	
  An	
  interstellar	
  emission	
  model	
  is	
  obtained	
  by	
  tuning	
  a	
  GALPROP-­‐generated	
  model	
  to	
  
data	
  over	
  the	
  sky.	
  	
  
	
  à	
  used	
  to	
  estimate	
  the	
  foreground/background	
  emission	
  for	
  the	
  inner	
  Galaxy.	
  

•  Data	
  in	
  the	
  inner	
  15x15	
  deg	
  are	
  then	
  fit	
  using	
  a	
  maximum-­‐likelihood	
  method	
  
	
  à	
  determine	
  the	
  contributions	
  by	
  gamma-­‐ray	
  point	
  sources	
  and	
  diffuse	
  emission.	
  

•  Diffuse	
  emission	
  and	
  known	
  point	
  sources	
  account	
  for	
  most	
  of	
  the	
  emission	
  in	
  the	
  GC	
  
•  Subdominant	
  structured	
  residuals	
  across	
  the	
  ROI	
  
•  Next	
  steps:	
  quantify	
  residuals,	
  study	
  possible	
  DM	
  contributions	
  

Residuals	
  w.r.t.	
  diffuse	
  +	
  sources	
  

PRELIMINARY	
  

P7CLEAN::Front,	
  32	
  months,	
  1-­‐100	
  GeV	
  

Searching for Galactic 
Dark Matter 

Substructure
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•  Conservative constraints: expected DM signal doesn’t exceed the measured Fermi  
gamma-ray emission in optimized ROIs 

•  Four DM density profiles compatible with  
     observational data used. 

•  These include an adiabatically compressed NFW. 

VS.	
  
Inner	
  galaxy	
  spectrum	
  

! !

Setting up constraints

By comparing the inclusive energy spectrum extracted from the data for 

every ROI and the J-factors for every profile, we set DM constraints only 

requesting that the DM-induced gamma-ray emission does not overshoot the 

flux measurement at 3sigma level.

VS.
Energy spectrum as directly 

obtained from the data
J-factors

! !
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We choose the region of interes driven by a S/N optimization:

- Signal: J-factor maps for every DM density profile.

- Noise: Square root of the photon flux map.

ROI’s optimal parameters are those that make the S/N the largest for every profile

Einasto NFW NFW-compressed Burkert

Fermi-LAT data analysis
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We choose the region of interes driven by a S/N optimization:

- Signal: J-factor maps for every DM density profile.

- Noise: Square root of the photon flux map.

ROI’s optimal parameters are those that make the S/N the largest for every profile

Einasto NFW NFW-compressed Burkert

Fermi-LAT data analysis

A	
  simplified	
  (DM-­‐oriented)	
  Inner	
  Galaxy	
  analysis	
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! !

!"

Results:

(3sigma upper limits)

MDM > 681 GeV
MDM > 157-439 GeV

MDM > 531 GeV MDM > 489 GeV

[	
  Gómez-­‐Vargas+13	
  ]	
  

Conservative	
  
but	
  robust	
  

exclusion	
  limits	
  

A	
  modeling	
  of	
  
the	
  foregrounds	
  
will	
  only	
  lead	
  to	
  

better	
  
constraints	
  

DM	
  
constraints	
  
from	
  the	
  
Inner	
  
Galaxy	
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Dark	
  Matter	
  Search	
  Strategies	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Satellites	
  

Low	
  background	
  and	
  good	
  

source	
  id,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  Galactic	
  Center	
  
Good	
  Statistics,	
  but	
  source	
  	
  

confusion/diffuse	
  background	
  

	
  	
  	
  	
  	
  	
  Milky	
  Way	
  Halo	
  
Large	
  statistics,	
  but	
  diffuse	
  

background	
  

	
  	
  	
  	
  	
  	
  	
  	
  Spectral	
  Lines	
  
Little	
  or	
  no	
  astrophysical	
  uncertainties,	
  good	
  

source	
  id,	
  but	
  low	
  sensitivity	
  because	
  of	
  

expected	
  small	
  branching	
  ratio	
  
Dark	
  Matter	
  simulation:	
  
Pieri+(2009)	
  arXiv:0908.0195	
  

Galaxy	
  Clusters	
  
Low	
  background,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Isotropic	
  background	
  
Large	
  statistics,	
  but	
  astrophysics,	
  galactic	
  
diffuse	
  background	
  	
  



Galactic	
  Center	
  ‘halo’	
  with	
  the	
  LAT	
  

• 	
  Signal	
  region:	
  strip	
  below	
  and	
  above	
  
the	
  Galactic	
  Plane	
  

• 	
  Conservative	
  limits:	
  no	
  modeling	
  of	
  the	
  
background	
  

• 	
  	
  More	
  refined	
  analysis	
  (diffuse	
  emission,	
  
sources)	
  gives	
  a	
  factor	
  ~5	
  improvement	
  
in	
  the	
  constraints.	
  

Simulation	
  of	
  250	
  GeV	
  WIMP	
  into	
  bb	
  

25	
  

VS.	
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!"

Fermi	
  LAT	
  data	
  

Ackermann+12	
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Dark	
  Matter	
  Search	
  Strategies	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Satellites	
  

Low	
  background	
  and	
  good	
  

source	
  id,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  Galactic	
  Center	
  
Good	
  Statistics,	
  but	
  source	
  	
  

confusion/diffuse	
  background	
  

	
  	
  	
  	
  	
  	
  Milky	
  Way	
  Halo	
  
Large	
  statistics,	
  but	
  diffuse	
  

background	
  

	
  	
  	
  	
  	
  	
  	
  	
  Spectral	
  Lines	
  
Little	
  or	
  no	
  astrophysical	
  uncertainties,	
  good	
  

source	
  id,	
  but	
  low	
  sensitivity	
  because	
  of	
  

expected	
  small	
  branching	
  ratio	
  
Dark	
  Matter	
  simulation:	
  
Pieri+(2009)	
  arXiv:0908.0195	
  

Galaxy	
  Clusters	
  
Low	
  background,	
  but	
  low	
  statistics.	
  

Astrophysical	
  contamination	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Isotropic	
  background	
  
Large	
  statistics,	
  but	
  astrophysics,	
  galactic	
  
diffuse	
  background	
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Dwarf	
  Spheroidal	
  satellite	
  galaxies	
  

o  The	
  most	
  DM	
  dominated	
  systems	
  in	
  the	
  Universe.	
  

o  Roughly	
  two	
  dozens	
  dwarf	
  spheroidal	
  satellite	
  galaxies	
  
of	
  the	
  Milky	
  Way	
  	
  

o  Several	
  of	
  them	
  closer	
  than	
  100	
  kpc	
  from	
  us	
  

o  Most	
  of	
  them	
  expected	
  to	
  be	
  free	
  from	
  any	
  bright	
  
astrophysical	
  gamma	
  source.	
  

(Low	
  content	
  in	
  gas	
  and	
  dust.)	
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FIG. 1. Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aitoff

projection of a 4-year LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the

combined analysis are shown as filled circles, while additional dwarf galaxies are shown as open

circles.
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Ackermann+13	
  [astro-­‐ph/1310.0828]	
  

15	
  dwarfs	
  analyzed	
  
The	
  higher	
  the	
  latitude	
  the	
  better	
  in	
  terms	
  of	
  astro	
  foregrounds	
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Measured dark matter distributions

Alex Drlica-Wagner   |   UCLA DM 2014

Seg1
UMaII
Wil1

Com

BooI Dra

UMi

Scl

Sex

UMaI
Car

Her
For

LeoIV
CVnII

CVnI
LeoII

LeoI

J-Factors for 18 Dwarf Galaxies

!5

NFW profile integrated 
over 0.5 degree cone

dΦγ

dEγ
(Eγ ,φ, θ) =

1

4π

< σannv >

2m2
WIMP

�

f

dNf
γ

dEγ
Bf

×

�

∆Ω(φ,θ)
dΩ�

�

los
ρ2(r(l,φ�))dl(r,φ�)

18 dwarf galaxies have 
well-determined J-factors.

Methodology from 
Strigari et al. 2007, 
2008; Martinez 2013; 
Geringer-Sameth et 
al. 2014

Dwarf	
  Galaxies’	
  J-­‐Factors	
  

A.Drlica-­‐Wagner	
  DPF	
  2013	
  

J(!0 ) = d"
#"

$ !DM
2 [r(")]d"

l.o.s.$
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Combined	
  limits	
  at	
  95%	
  C.L.	
  

Ackermann+14	
  [astro-­‐ph/1310.0828]	
  

Joint	
  likelihood	
  analysis	
  of	
  	
  15	
  dwarf	
  

galaxies	
  

4	
  years	
  of	
  data,	
  500	
  MeV	
  –	
  500	
  GeV	
  

J-­‐factor	
  uncertainties	
  accounted	
  for	
  

Expected	
  sensitivity	
  calculated	
  
from	
  the	
  data:	
  

•  300	
  realizations	
  at	
  5	
  random	
  
sky	
  positions	
  	
  

•  High	
  Galactic	
  lat	
  (|b|>20º)	
  

•  >1˚	
  from	
  LAT	
  catalog	
  sources	
  

Largest excess for 25 GeV 
WIMP to     , TS = 8.7 (TS > 
25 threshold)	
  

Largest	
  excess	
  (TS	
  =	
  8.7)	
  for	
  
25	
  GeV	
  WIMP	
  to	
  bb	
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§  HVCs	
  are	
  coherent	
  over-­‐densities	
  of	
  HI	
  gas	
  covering	
  40%	
  of	
  the	
  sky.	
  

§  Kinematically	
  distinguishable	
  from	
  the	
  Galactic	
  Disk	
  

§  Origin	
  unclear:	
  some	
  could	
  be	
  hosted	
  by	
  DM	
  halos	
  that	
  failed	
  to	
  form	
  galaxies:	
  
	
  à	
  potential	
  targets	
  for	
  indirect	
  detection	
  of	
  DM	
  .	
  

	
  

§  Some	
  gamma-­‐rays	
  from	
  cosmic-­‐ray	
  interactions	
  with	
  the	
  HI	
  gas	
  expected.	
  

•  Smith	
  Cloud	
  one	
  of	
  the	
  best	
  studied	
  HVCs.	
  

•  HI	
  gas	
  mass	
  of	
  ~106	
  solar	
  masses.	
  

•  2	
  times	
  closer	
  than	
  the	
  closest	
  dwarf	
  galaxy	
  	
  

•  It	
  may	
  be	
  bounded	
  by	
  DM	
  halo	
  of	
  ~108	
  solar	
  
masses	
  (Nichols	
  &	
  Bland-­‐Hawthorn	
  09)	
  .	
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Fig. 1.—GBT H i image of the Smith Cloud at km s!1 showingV p 100LSR

the cometary morphology that strongly suggests that the Cloud is moving to lower
longitude and toward the plane and that it is interacting with the Galactic ISM.
Arrows mark the tracks of the velocity-position slices of Figs. 2 and 3. Fig. 3.—GBT H i velocity-position slice through the major axis of the Cloud

at the location of the arrows in Fig. 1. Marks on the vertical axis are every
157.5!. Along this track, there are H i clumps at low velocity that match the
gaps in the main Cloud. The clumps have likely been stripped from the Cloud.
Two are marked by the solid arrows. Two line wings that form kinematic
bridges between the Cloud and Galactic gas are marked by the dotted arrows.
The main part of the Cloud shows systematic velocity gradients from the
changing projection of its space velocity with respect to the LSR. The tilted
lines show the expected run of with position for km s!1 (upperV V p 296LSR tot

part of the Cloud) and km s!1 (lower part). The Cloud consists ofV p 271tot

at least two coherent kinematic pieces.

Fig. 2.—GBT H i velocity-position slice through the Smith Cloud along a
track through the minor axis of the Cloud (marked by arrows in Fig. 1). The
edges of the Cloud show a sharp gradient in velocity from km s!1V ∼ 100LSR

to the lower velocities of Galactic H i. We interpret this as evidence of the
interaction between the Cloud and the gaseous halo of the Milky Way. The
arrow marks the decelerated ridge shown in Fig. 4.

TABLE 1
H i Properties of the Smith Cloud

Property Value

(deg) . . . . . . . . . . . . . . . . . .l, b 38.67, !13.41
Distance (kpc) . . . . . . . . . . . . 12.4 ! 1.3
R (kpc) . . . . . . . . . . . . . . . . . . . 7.6 ! 0.9
z (kpc) . . . . . . . . . . . . . . . . . . . . !2.9 ! 0.3

(K) . . . . . . . . . . . . . . . . . . . . .Tb 15.5
(km s!1) . . . . . . . . . . . . . .Dv 16.0

NH i (cm!2) . . . . . . . . . . . . . . . . 205.2 # 10
(km s!1) . . . . . . . . . . . . .VLSR 99 ! 1

H i mass (M,) . . . . . . . . . . . 1106

Projected size (kpc) . . . . . . 3 # 1

Note.—All but integral quantities apply
to the direction of greatest NH i at the position
l, b p 38.67", !13.41".

kinematic bridges between the Cloud and Galactic emission
(several are marked with dotted arrows), as well as clumps of
H i (two are marked by solid arrows) at velocities "40 km s!1

that correspond to gaps in the Cloud. The clumps are likely
material stripped from the Cloud.

4. DISTANCE TO THE CLOUD

Portions of the Smith Cloud appear to have been decelerated
by the ambient medium through which it moves, and we use
this to estimate a distance to the Cloud. The GBT data show
disturbances in Galactic H i attributable to the influence of the
Smith Cloud at km s!1 but not at km s!1.V ≥ 35 V ≤ 0LSR LSR

If the Smith Cloud is interacting with Galactic gas whose nor-
mal rotational velocity is in this range, it implies that that the
Cloud has a distance in the range 11.1 kpc ! dk ! 13.7 kpc,

the “far” kinematic distance for a flat rotation curve with
kpc and km s!1.R p 8.5 V p 2200 0

There are other determinations of the distance. The brightness
of diffuse Ha emission from the Cloud and a model for the Galactic
UV flux give either 1 or 13 kpc (Bland-Hawthorn et al. 1998;
Putman et al. 2003). Recently, Wakker et al. (2008) have bracketed
the distance by looking for the Cloud in absorption against several
stars, finding 10.5 kpc ! d ≤ 14.5 kpc. The three methods give
identical results, and we adopt the kinematic distance d p

kpc for the remainder of this Letter.12.4 ! 1.3

5. PROPERTIES OF THE CLOUD

The Smith Cloud lies in the inner Galaxy below the Perseus
spiral arm, kpc from the Galactic center. The prop-R p 7.6
erties of the Cloud obtained from the GBT data are presented
in Table 1. The brightest H i emission at l, b p 38.67", !13.41"
is near the Cloud tip. The H i mass of 106 M, is a lower limit
because the Cloud appears to consist of multiple fragments

Alex Drlica-Wagner   |   Smith Cloud

The Smith Cloud

• The Smith Cloud is one of the best studied 
HVCs (i.e., Lockman et al. 2008) 
!

• Located at (l,b) = (38.67, -13.41) with an HI gas 
mass of >106 M⊙. 
!

• The Smith Cloud is 2 times closer than the 
closest dwarf galaxy (12.4 +/- 1.3 kpc) 
– Stellar bracketing 
– Interaction with disk gas 
– H-alpha reflection from the Galacitic disk 
!

• The distance, direction of motion, and 
systemic velocity distribution allow the 3-
dimensional trajectory of the Smith Cloud to 
be determined

4
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Fig. 1.—GBT H i image of the Smith Cloud at km s!1 showingV p 100LSR

the cometary morphology that strongly suggests that the Cloud is moving to lower
longitude and toward the plane and that it is interacting with the Galactic ISM.
Arrows mark the tracks of the velocity-position slices of Figs. 2 and 3. Fig. 3.—GBT H i velocity-position slice through the major axis of the Cloud

at the location of the arrows in Fig. 1. Marks on the vertical axis are every
157.5!. Along this track, there are H i clumps at low velocity that match the
gaps in the main Cloud. The clumps have likely been stripped from the Cloud.
Two are marked by the solid arrows. Two line wings that form kinematic
bridges between the Cloud and Galactic gas are marked by the dotted arrows.
The main part of the Cloud shows systematic velocity gradients from the
changing projection of its space velocity with respect to the LSR. The tilted
lines show the expected run of with position for km s!1 (upperV V p 296LSR tot

part of the Cloud) and km s!1 (lower part). The Cloud consists ofV p 271tot

at least two coherent kinematic pieces.

Fig. 2.—GBT H i velocity-position slice through the Smith Cloud along a
track through the minor axis of the Cloud (marked by arrows in Fig. 1). The
edges of the Cloud show a sharp gradient in velocity from km s!1V ∼ 100LSR

to the lower velocities of Galactic H i. We interpret this as evidence of the
interaction between the Cloud and the gaseous halo of the Milky Way. The
arrow marks the decelerated ridge shown in Fig. 4.

TABLE 1
H i Properties of the Smith Cloud

Property Value

(deg) . . . . . . . . . . . . . . . . . .l, b 38.67, !13.41
Distance (kpc) . . . . . . . . . . . . 12.4 ! 1.3
R (kpc) . . . . . . . . . . . . . . . . . . . 7.6 ! 0.9
z (kpc) . . . . . . . . . . . . . . . . . . . . !2.9 ! 0.3

(K) . . . . . . . . . . . . . . . . . . . . .Tb 15.5
(km s!1) . . . . . . . . . . . . . .Dv 16.0

NH i (cm!2) . . . . . . . . . . . . . . . . 205.2 # 10
(km s!1) . . . . . . . . . . . . .VLSR 99 ! 1

H i mass (M,) . . . . . . . . . . . 1106

Projected size (kpc) . . . . . . 3 # 1

Note.—All but integral quantities apply
to the direction of greatest NH i at the position
l, b p 38.67", !13.41".

kinematic bridges between the Cloud and Galactic emission
(several are marked with dotted arrows), as well as clumps of
H i (two are marked by solid arrows) at velocities "40 km s!1

that correspond to gaps in the Cloud. The clumps are likely
material stripped from the Cloud.

4. DISTANCE TO THE CLOUD

Portions of the Smith Cloud appear to have been decelerated
by the ambient medium through which it moves, and we use
this to estimate a distance to the Cloud. The GBT data show
disturbances in Galactic H i attributable to the influence of the
Smith Cloud at km s!1 but not at km s!1.V ≥ 35 V ≤ 0LSR LSR

If the Smith Cloud is interacting with Galactic gas whose nor-
mal rotational velocity is in this range, it implies that that the
Cloud has a distance in the range 11.1 kpc ! dk ! 13.7 kpc,

the “far” kinematic distance for a flat rotation curve with
kpc and km s!1.R p 8.5 V p 2200 0

There are other determinations of the distance. The brightness
of diffuse Ha emission from the Cloud and a model for the Galactic
UV flux give either 1 or 13 kpc (Bland-Hawthorn et al. 1998;
Putman et al. 2003). Recently, Wakker et al. (2008) have bracketed
the distance by looking for the Cloud in absorption against several
stars, finding 10.5 kpc ! d ≤ 14.5 kpc. The three methods give
identical results, and we adopt the kinematic distance d p

kpc for the remainder of this Letter.12.4 ! 1.3

5. PROPERTIES OF THE CLOUD

The Smith Cloud lies in the inner Galaxy below the Perseus
spiral arm, kpc from the Galactic center. The prop-R p 7.6
erties of the Cloud obtained from the GBT data are presented
in Table 1. The brightest H i emission at l, b p 38.67", !13.41"
is near the Cloud tip. The H i mass of 106 M, is a lower limit
because the Cloud appears to consist of multiple fragments

Lockman et al. (2008)
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LAT Analysis

• Binned likelihood analysis from 500 MeV to 500 GeV over a 15˚x15˚ ROI 
surrounding the Smith Cloud (P7REP_CLEAN_V15). 

• Likelihood model includes 2FGL sources, the custom diffuse Galactic 
foregrounds, and a local isotropic component modeled with a broken power-law. 

• Set bin-by-bin limits on the gamma-ray flux from the Smith Cloud using a spatially-
extended model of the dark matter annihilation signal (similar to dSph analysis). 

• No significant excess found for any of the spatial or spectral models tested 
(maximum TS ~ 4.7)

7

– 11 –

Fig. 2.— The 15◦ ×15◦ ROI surrounding the Smith Cloud in the energy range from 500 MeV
to 500 GeV. The gray contours represent the H I column density associated with the Smith
Cloud, while the green circle shows the 1◦ truncation radius for the dark matter profile.
Left: Observed γ-ray counts map smoothed by a Gaussian kernel with standard deviation
0.1◦. Center: Map of the background γ-ray emission model including diffuse foregrounds
and background point sources. Right: The binned Poisson significance resulting from the
predicted and observed counts in each pixel (smoothed by a Gaussian kernel of width 0.1◦).

Counts Model Residual

Data:	
  5.2	
  years	
  of	
  data,	
  Pass7	
  reprocessed,	
  500	
  MeV	
  –	
  500	
  GeV	
  
	
  

Challenge:	
  very	
  close	
  to	
  the	
  Galactic	
  plane,	
  so	
  diffuse	
  emission	
  modeling	
  critical.	
  
	
  

Standard	
  Galactic	
  interstellar	
  emission	
  model	
  not	
  used:	
  
	
  -­‐	
  Cloud	
  removed	
  from	
  the	
  model.	
  
	
  -­‐	
  Correct	
  for	
  dark	
  Galactic	
  gas	
  using	
  IR	
  dust	
  maps.	
  
	
  -­‐	
  Build	
  GALPROP	
  templates	
  for	
  generation	
  of	
  diffuse	
  γ-­‐rays.	
  

	
  

No	
  significant	
  signal	
  found	
  à	
  DM	
  constraints.	
  

[Drlica-­‐Wagner+14]	
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Smith Cloud Dark Matter

• The 3D trajectory of the Smith Cloud 
suggests that it passed through the 
Galactic disk ~70 Myr ago. 
!

• The gaseous component of the cloud has a 
weak self-gravity and ram pressure forces 
would dissipate the cloud during a passage 
through the Galactic disk. 
!

• This suggests that the Smith Cloud may be 
bound by a dark matter halo with mass 
~108 M⊙. 
!

• Such a dark matter halo would extend to an 
angular radius of ~5˚ around the cloud. 
!

• To mitigate any impact from tidal stripping 
of the dark matter halo, we conservatively 
model the dark matter annihilation signal 
from only the inner 1˚ of the halo.

5
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Figure 3. Orbit of the Smith Cloud, calculated using the potential from Wolfire et al. (1995). The current position is represented by an unfilled circle and the Smith
Cloud is travelling in the direction of the arrows, with heights below the disk represented by a dotted line. The Sun’s position is shown as a filled circle on the Solar
Circle. The thin dotted line represents the projection of the Smith Cloud onto the disk. The disk is represented by a solid line at 30 kpc.

Table 1
NFW, Burkert, and Einasto Profiles

NFW Burkert Einasto

fρ (x) = x−1(1 + x)−2 fρ (x) = (1 + x)−1(1 + x2)−1 fρ = exp[−2/α(xα − 1)]/4

fm(x) = 3
[

ln(1 + x) − x
1+x

]
fm(x) = 3

2

[
ln(1+x2)

2 + ln(1 + x) − tan−1 x
]

fm = βγ (3/α, 2xα/α)

fϕ (x, vs ) = 3
[
1 − ln(1+x)

x

]
fϕ (x, vs ) = 3

2

[ (
1 + 1

x

)
tan−1 x −

(
1 + 1

x

)
ln(1 + x) fϕ (x, vs ) = β

[
21/αα−1/αγ (2/α, 2xα/α)

+ 1
2

(
1 − 1

x

)
ln(1 + x2)

]
−γ (3/α, 2xα/α)/x − 1

]

fgas(x, vs , cg) = e−3(vs /cg )2
(1 + x)3(vs /cg )2/x fgas(x, vs , cg) = [e−(1+1/x) tan−1 x (1 + x)(1+1/x) fgas(x, vs , cg) = exp(−v2

s /c
2
gfϕ(x))

×(1 + x2)(1/2)(1/x−1)](3/2)(vs /cg )2

β = (3/4)8−1/αe2/αα−1+3/α

Notes. The four quantities in each column are the density profile fp, the dark matter mass profile fm, the dark matter potential profile fϕ , and the gas
density profile fgas. Here γ is the lower incomplete gamma function, x ≡ r/rs is the scale radius, vs is the halo circular velocity, and cg is the gas sound
speed; cf. Sternberg et al. (2002), Table 5.

central density of a halo that virialized at z = 0. This factor
also contributes to other halo properties such as the scale radius
rs ∝ ∆−1/3 and the scale velocity vs ∝ ∆1/6.

3. MODEL SETUP

We consider two models of evolution, one in which the Smith
Cloud is infalling for the first time, hereafter the Infalling Orbit
Models, and a second model where the Smith Cloud has already
been maximally stripped due to previous orbits, hereafter the
Repeated Orbit Models. These both share common features: (1)
they have the same trajectory today, (2) the dark matter halo
has been tidally stripped down from some larger initial mass
(Mvir) in an identical fashion before our calculations commence
at apogalacticon. The important distinction is tidal stripping of
the gas is possible in the Infalling Orbit Models but not in the
Repeated Orbit Models; in both cases, ram pressure stripping
by the hot halo is important. For each case, the evolution of the
Smith Cloud is considered for the NFW, Einasto, and Burkert
models.

The evolution of the model clouds was calculated as a function
of three variables: the initial virial mass at the time of formation
(i.e., before the dark matter halo fell into the Galaxy), the dark
matter profile at this time, and the initial hydrogen gas mass
at apogalacticon. For both the Repeated Orbit Model and the
Infalling Orbit Model, the evolution of 7503 model clouds
were calculated, corresponding to 61 logarithmically spaced
virial masses in the range Mvir = (5 × 107)–(5 × 1010) M%
and 41 logarithmically spaced gas masses in the range Mgas =
(1 × 106)–(1 × 108) M%.

The orbit of the Smith Cloud was calculated using the
position and velocity data from Lockman et al. (2008) for
the tip of the Smith Cloud: (R, z) = (7.6,−2.9) kpc and
(vR, vφ, vz) = (94, 270, 73) km s−1. The form of the Galactic

potential is given by Wolfire et al. (1995) normalized by a
circular velocity of vc = 220 km s−1 at the Solar Circle. In
Figure 3, we show the predicted orbit of the cloud system. In
agreement with Lockman et al (2008), we find that the Smith
Cloud has intersected the disk ∼ 70 Myr ago and will pass
through the disk again in ∼30 Myr.

For all subhalo models, we investigate the effects of dynam-
ical friction on the orbit trajectory. The formalism used is de-
scribed by Jiang & Binney (2000): we point out that the value
for the circular velocity in their Table 1 should be vc = 235
km s−1 (not 181 km s−1 as quoted) to be consistent with their
analysis. But over the past few hundred million years, dynam-
ical friction is found to have only minimal effect, even in the
high mass limit. This is because, once again, the impact of gas
loss from the subhalo close to the disk is found to dominate the
evolution of the subhalo. We assume that any drag between the
model clouds and the Galactic corona is negligible and does not
affect the orbit.

Each model cloud is considered to be a dark matter potential
well filled with gas in isothermal hydrostatic equilibrium. We
assume a primordial helium abundance nHe/nH = 1/12 and
metallicity of Z/Z% = 0.1. We also assume that the gas has
a temperature of 1.2 × 104 K and adopt an ionization fraction
of 50% for the Smith Cloud, slightly below the newly updated
H+/H0 ratio in Hill et al. (2009). This temperature and ionization
fraction then give a sound speed of cg = 11 km s−1. The gas is
distributed in the potential well according to the gas density
profile nH (x, vs, cg) = nH,0fgas(x, vs, cg), where x ≡ r/rs

is the scale radius, vs is the halo circular velocity given by
Equation (3) and fgas(x, vs, cg) is given in Table 1.

For the initial dimension of the model clouds, the sound
crossing time is 200 Myr, falling to about 30 Myr at the disk. We
therefore begin each orbit at the apogalacticon, approximately

Nichols & Bland-Hawthorn (2009)

– 6 –

Profile rs ρ0 Mtidal J-factor
( kpc) ( M⊙ kpc−3) ( M⊙) ( GeV2 cm−5 sr)

NFW 1.04 3.7 × 107 1.1 × 108 9.6 × 1019

Burkert 1.04 3.7 × 107 1.3 × 108 4.2 × 1018

Einasto 1.04 9.2 × 106 2.0 × 108 1.8 × 1020

Table 1: Summary of Smith Cloud dark matter halo parameters. Integrated J-factors are
calculated over a solid-angle cone with radius 1◦ (∆Ω ∼ 9.6 × 10−4 sr). For the Einasto
profile, the α parameter is fixed to its conventional value of 0.17.

which is set to the conventional value of 0.17.

ρ(r) = ρ0r3
s

r(rs + r)2 NFW (2)

ρ(r) = ρ0r3
s

(rs + r)(r2
s + r2) Burkert (3)

ρ(r) = ρ0 exp
�

− 2
α

��
r

rs

�α

− 1
��

Einasto (4)

To avoid the peripheral regions where tidal stripping may alter the dark matter density, we151

truncate our model of the γ-ray intensity profile 1◦ from the center of the Smith Cloud.152

To simplify comparisons with other dark matter annihilation targets (i.e., dwarf spheroidal153

galaxies), we compute the integrated J-factor from the Smith Cloud within this 1◦ radius (1).154

This radius contains ∼ 60% of the total predicted γ-ray flux when cuspy NFW or Einasto155

profiles are assumed and ∼ 10% of the total predicted flux from the cored Burkert model.156

Thus, this choice of radius yields a conservative estimate for the total J-factor of the Smith157

Cloud since the dark matter distribution may extend to several degrees.158

3. Galactic Foreground Modeling159

The observed foreground γ-ray emission from the region surrounding the Smith Cloud160

is dominated by π0-decay emission produced from cosmic rays interacting with the atomic161

and molecular hydrogen gas of the Milky Way.1 The Galprop2 cosmic-ray propagation code162

can be used to model the diffuse Galactic γ-ray foreground from processes such as inelastic163

1The γ-ray emission from inelastic hadronic interactions is composed of many processes, the most impor-
tant of which being the production of π0 which decay primarily to γγ.

2http://galprop.stanford.edu

4	
  annihilation	
  channels	
  
	
  
3	
  DM	
  density	
  profiles.	
  
	
  
Uncertainties	
  in	
  the	
  DM	
  distribution	
  
dominate	
  over	
  	
  other	
  systematic	
  and	
  
statistical	
  uncertainties.	
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Dark	
  Matter	
  Search	
  Strategies	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Satellites	
  

Low	
  background	
  and	
  good	
  

source	
  id,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  Galactic	
  Center	
  
Good	
  Statistics,	
  but	
  source	
  	
  

confusion/diffuse	
  background	
  

	
  	
  	
  	
  	
  	
  Milky	
  Way	
  Halo	
  
Large	
  statistics,	
  but	
  diffuse	
  

background	
  

	
  	
  	
  	
  	
  	
  	
  	
  Spectral	
  Lines	
  
Little	
  or	
  no	
  astrophysical	
  uncertainties,	
  good	
  

source	
  id,	
  but	
  low	
  sensitivity	
  because	
  of	
  

expected	
  small	
  branching	
  ratio	
   Galaxy	
  Clusters	
  
Low	
  background,	
  but	
  low	
  statistics	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Isotropic	
  background	
  
Large	
  statistics,	
  but	
  astrophysics,	
  galactic	
  
diffuse	
  background	
  

	
  	
  Both	
  anisotropies	
  and	
  intensity!	
  	
  



Spectral	
  lines	
  search	
  with	
  the	
  LAT	
  

•  Annihilation	
  into	
  γγ	
  or	
  γX	
  (X	
  =	
  Z0,	
  H0,	
  …)	
  will	
  

produce	
  a	
  distinct	
  spectral	
  feature	
  

–  Clean	
  signal	
  

–  Low	
  statistics	
  

•  No	
  significant	
  lines	
  in	
  2	
  years	
  of	
  data	
  

including	
  the	
  Galactic	
  Center	
  and	
  Galactic	
  

halo	
  (Ackermann	
  et	
  al.	
  2012)	
  

•  ~4	
  years	
  of	
  data:	
  external	
  authors	
  report	
  a	
  

>4σ	
  (local)	
  spectral	
  feature	
  at	
  ~130	
  GeV	
  

(Weniger	
  2012)	
  

[Weniger 2012]	
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•  3.2σ	
  (local)	
  at	
  133	
  GeV	
  with	
  reprocessed	
  data	
  in	
  a	
  3º	
  region	
  around	
  the	
  GC.	
  
•  Global	
  significance	
  is	
  1.5σ	
  
•  Also	
  seen	
  in	
  the	
  Earth	
  Limb	
  control	
  sample	
  at	
  2σ	
  (local),	
  but	
  not	
  large	
  

enough	
  to	
  explain	
  all	
  the	
  GC	
  signal.	
  	
  

The	
  line-­‐like	
  feature	
  near	
  133	
  GeV	
  as	
  seen	
  by	
  the	
  LAT	
  team	
  

High	
  energy	
  line	
  search	
  summary	
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7	
  

133 GeV feature in 5.2 year dataset	
  

signal-like	
  

background-like	
  

Weniger et al (2013): http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/white_papers_eval.html	
  

Since	
  spring	
  2012,	
  the	
  significance	
  of	
  the	
  feature	
  has	
  declined	
  
	
   	
  à	
  More	
  “background-­‐like”	
  



Low	
  energy	
  line	
  search	
  

•  Search	
  between	
  100	
  MeV	
  up	
  to	
  10	
  GeV	
  (previously	
  unexplored	
  energy	
  range!).	
  

•  Regions	
  of	
  Interest	
  optimized	
  for	
  annihilation	
  and	
  decay.	
  

à  for	
  decay,	
  it	
  constrains	
  e.g.	
  models	
  of	
  gravitino	
  decay.	
  

•  Data:	
  5.2	
  years,	
  P7	
  reprocessed	
  Clean.	
  

•  At	
  low	
  energies,	
  statistical	
  uncertainties	
  get	
  very	
  small	
  (<1%)	
  

à	
  systematics	
  dominate	
  

à  important	
  to	
  model	
  them	
  properly!	
  

38	
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ROIs	
  optimized	
  for	
  annihilation	
  
and	
  decay.	
  
	
  
Use	
  Einasto	
  profile	
  as	
  baseline.	
  
	
  
NFW,	
  Isothermal,	
  Burkert,	
  also	
  
considered.	
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Figure 3. Fractional deviations (f , see eq. (3.10)) observed in the Galactic plane scan are shown
as black dots. Eγ went from 100MeV to 10 GeV in steps of 0.25σE . The red line shows the average
statistical uncertainty from the Galactic plane scan. The blue dashed line shows the value we chose
to represent the δf from modelling biases; see text for details.

From figure 3, we can infer some properties of the systematic uncertainties that affect433

our search. The displacement of δf from zero and common variations with energy between all434

the control ROIs are most likely caused by small biases in modelling the Fermi-LAT effective435

area. The spread amongst the fits in the control ROIs is probably from our modelling of the436

background spectra by a power law.437

We also estimate the systematic uncertainty from residual cosmic-ray events passing our438

γ-ray event selection. Since we use the P7REP_CLEAN event class, the cosmic-ray contamination439

is not expected to be a large effect, especially for the region ROIcen, which focuses on the440

bright Galactic Centre. However, cosmic-ray contamination is worrisome at large latitudes441

(e.g. ROIpol region). To study the effect of cosmic-ray contamination, we select events that are442

included in the less stringent P7REP_SOURCE class, but are not included in the P7REP_CLEAN443

class in the ROIpol region. This sample will be enriched with cosmic-ray events that were not444

removed by the P7REP_SOURCE selection, but did not pass the P7REP_CLEAN event selection.445

Similar to what was done in ref. [16], we take the largest observed δf in this control sample446

along with the expected γ-ray acceptance ratio between the P7REP_CLEAN and P7REP_SOURCE447

selections (see appendix D5 in ref. [16]) to obtain an estimate of δfCR ∼ 0.001 and δfCR ∼ 0.01448

in ROIcen and ROIpol respectively. Therefore we obtain a final estimate of δfsyst = 0.011 and449

δfsyst = 0.015 in ROIcen and ROIpol respectively.450

Other systematic uncertainties in this search enter from our calculation of the Fermi -451

LAT exposure, modelling of the energy dispersion, and our choice of Eγ grid spacing. The452

overall uncertainty in the calculation of the Fermi-LAT effective area is ∼ 10%. Additionally,453

we choose to use the average exposure across our ROIs when converting from counts to454

flux. The Fermi -LAT observes the sky with relative uniform exposure, but it does vary by455

δE/E = 0.02 in ROIcen and by δE/E = 0.07 in ROIpol. When added in quadrature, we have456

a total systematic uncertainty on the exposure of δE/E = 0.10 and δE/E = 0.12 in ROIcen457

and ROIpol respectively. Additionally, we estimate the effect of the 10% uncertainty in the458

energy resolution [71] to be δnsig/nsig � 7%. Also, fitting at fixed Eγ values with a grid459

spacing of 0.5σE would cause us to undermeasure the number of signal counts by 10% at460
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Systematics	
  offset	
  the	
  estimated	
  number	
  of	
  
signal	
  events	
  with	
  respect	
  to	
  its	
  true	
  value	
  .	
  
	
  
Estimate	
  δfsys	
  	
  by	
  fitting	
  for	
  lines	
  in	
  control	
  
regions.	
  
	
  
Below	
  ~3	
  GeV	
  the	
  search	
  is	
  systematics-­‐limited.	
  

PRELIMINARY	
  

PRELIMINARY	
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Line	
  energy	
  line	
  search:	
  limits	
  

40	
  

No	
  globally	
  significant	
  lines	
  detected:	
  
	
  à	
  flux	
  upper	
  limits	
  in	
  annihilation	
  and	
  decay	
  ROIs	
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Figure 6. Parameter space of decaying gravitino DM given in terms of the gravitino lifetime and
the gravitino mass. The diagonal band shows the allowed parameter space for gravitino DM in the
µνSSM. The numbers on the solid and dashed lines show the corresponding value of the photino–
neutrino mixing parameter, as discussed in section 2. The theoretically most favoured region is
coloured in grey. We also show several 95% CL lower limits on the gravitino lifetime coming from
γ-ray observations. The blue shaded region is excluded by the limits derived in this work.
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Figure 7. Comparison of the 95% CL upper limits on the DM pair annihilation cross section into two
photons found in this work to earlier results using Fermi -LAT and EGRET data. The blue shaded
region is excluded by the limits derived in this work.

annihilation [16],12 and limits derived from Fermi -LAT data in individual energy ranges [14]13512

12
The limits are taken from tables VIII to X of ref. [16]. The cross section limits are those from the ROI

R16 optimised for the Einasto profile and the lifetime limits are those from the ROI R180 rescaled by a factor
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[Albert+14,	
  JCAP	
  submitted,	
  astro-­‐ph/1406.3430]	
  

Exclude	
  μνSSM	
  gravitinos	
  with	
  masses	
  larger	
  than	
  ~5	
  GeV	
  or	
  
lifetimes	
  smaller	
  than	
  ~1028	
  s	
  as	
  DM	
  candidates.	
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THE	
  FUTURE:	
  Pass8	
  	
  
(a.k.a.	
  improved	
  LAT	
  performance)	
  

Impacts	
  for	
  dark	
  matter:	
  
–  Increased	
  energy	
  range	
  <==>	
  explore	
  new	
  mass	
  parameter	
  space	
  
–  Increased	
  effective	
  area	
  <==>	
  increased	
  flux	
  sensitivity	
  
–  Improved	
  angular	
  resolution	
  <==>	
  greater	
  sensitivity	
  to	
  spatially	
  extended	
  sources	
  
–  Better	
  background	
  rejection	
  
–  New	
  event	
  classes	
  <==>	
  check	
  systematic	
  effects	
  in	
  event	
  selection	
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Conclusions	
  

ü  The	
  gamma-­‐ray	
  sky	
  is	
  a	
  complicated	
  place	
  
	
  	
  	
  	
  	
  	
  	
  à	
  critical	
  to	
  know	
  the	
  astrophysical	
  foregrounds	
  to	
  study	
  the	
  
DM	
  case.	
  

	
  
ü  Different	
  targets	
  observed,	
  different	
  DM	
  scenarios	
  explored.	
  
	
  	
  	
  	
  	
  	
  	
  à	
  More	
  than	
  150	
  Fermi	
  LAT	
  DM-­‐related	
  publications!	
  
	
  	
  	
  	
  	
  	
  	
  à	
  No	
  gamma-­‐ray	
  signal	
  from	
  DM	
  annihilation	
  (unequivocally)	
  
detected	
  up	
  to	
  now.	
  
	
  	
  	
  	
  	
  	
  	
  à	
  LAT	
  constraints	
  beginning	
  to	
  rule	
  out	
  some	
  interesting	
  areas	
  
of	
  parameter	
  space	
  for	
  WIMP	
  masses	
  below	
  ~30	
  GeV.	
  

	
  
ü  Further	
  improvements	
  are	
  on	
  the	
  way.	
  
	
  	
  	
  	
  	
  	
  	
  à	
  especially	
  relevant	
  for	
  DM	
  searches.	
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Bullet Cluster (Markevitch & Clowe, 2006)!
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