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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
2 [r(#)]d#

l.o.s.$

Where to search? 
	
  

•  Galac)c	
  Center	
  
•  Dwarf	
  spheroidal	
  galaxies	
  	
  
•  Local	
  galaxy	
  clusters	
  
•  Nearby	
  galaxies...	
  

Particle physics 

fPP!
dN f

!

dE!f
" Bf

" # v
m#

2

Ng	
  :	
  number	
  of	
  photons	
  
per	
  annihila)on	
  
above	
  Eth	
  

<σ v>:	
  cross	
  sec)on	
  
mχ:	
  neutralino	
  mass	
  

Alex Drlica-Wagner   |   Indirect Detection
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  squared	
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  density	
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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	
  

Alex Drlica-Wagner   |   Fermilab!

Motivation for Dark Matter 
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NOAO, AURA, NSF, T.A. Rector!

Galaxy Rotation Curves!

Bullet Cluster (Markevitch & Clowe, 2006)!

Colliding Clusters!

WMAP Science Team!

Cosmological Probes!



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 
Dark Matter 

Substructure

Alex Drlica-Wagner

on behalf of the 

Fermi LAT Collaboration
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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]	
  

Dwarf	
  satellite	
  galaxies	
  

Smith	
  High	
  Velocity	
  Cloud	
  

Isotropic	
  Background	
  
	
  

+	
  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	
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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.)	
  



‘Fermi	
  dwarfs’	
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X. FIGURES & TABLES
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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.

32

Ackermann+14	
  [astro-­‐ph/1310.0828]	
  

15	
  dwarfs	
  analyzed	
  
The	
  higher	
  the	
  latitude	
  the	
  better	
  in	
  terms	
  of	
  astro	
  foregrounds	
  



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.$



22	
  

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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High	
  Velocity	
  Clouds	
  and	
  DM:	
  

	
  The	
  case	
  of	
  the	
  Smith	
  Cloud	
  

23	
  

§  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)	
  .	
  

L22 LOCKMAN ET AL. Vol. 679

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]	
  

Drlica-­‐Wagner,	
  Gómez-­‐Vargas,	
  Hewitt,	
  Linden,	
  Tibaldo	
  (2014)	
  [astro-­‐ph/	
  1405.1030]	
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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
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  channels	
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  density	
  profiles.	
  
	
  
Uncertainties	
  in	
  the	
  DM	
  distribution	
  
dominate	
  over	
  	
  other	
  systematic	
  and	
  
statistical	
  uncertainties.	
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Motivation for Dark Matter 
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Galaxy Rotation Curves!

Bullet Cluster (Markevitch & Clowe, 2006)!

Colliding Clusters!

WMAP Science Team!

Cosmological Probes!

Searching for Galactic 
Dark Matter 

Substructure
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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.	
  

Astrophysical	
  contamination	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Isotropic	
  background	
  
Large	
  statistics,	
  but	
  astrophysics,	
  galactic	
  
diffuse	
  background	
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-­‐  Extended	
  energy	
  range:	
  200	
  MeV	
  –	
  100	
  GeV	
  �	
  100	
  MeV	
  –	
  820	
  GeV	
  

-­‐  Significant	
  high-­‐energy	
  cutoff	
  feature	
  in	
  IGRB	
  spectrum,	
  consistent	
  with	
  simple	
  

source	
  populations	
  attenuated	
  by	
  EBL	
  

-­‐  ~50%	
  of	
  total	
  EGB	
  above	
  100	
  GeV	
  now	
  resolved	
  into	
  individual	
  LAT	
  sources	
   28	
  

The	
  brand	
  new	
  Fermi	
  LAT	
  IGRB	
  spectrum	
  

PRELIMINARY 

This	
  guy	
  
doesn’t	
  change	
  

This	
  one	
  does!	
  
(time-­‐dependent)	
  



Origin	
  of	
  the	
  Extragalactic	
  Gamma-­‐ray	
  Background	
  (EGB)	
  
in	
  the	
  LAT	
  energy	
  range	
  

Blazars	
  

Radio	
  	
  
galaxies	
  

Star-­‐
forming	
  
galaxies	
  

Galaxy	
  	
  
clusters	
  
(upper	
  limits)	
  

Cascades	
  
(upper	
  limits)	
  

Dark	
  matter	
  
annihilation	
  /	
  	
  
decay	
  
(upper	
  limits)	
  

GRBs	
  

???	
  
Unknown	
  
sources	
  /	
  
processes	
  

[EGB	
  ==	
  IGRB	
  +	
  individually	
  resolved	
  extragalacHc	
  sources]	
  



	
  
	
  
	
  
	
  

Cosmological	
  DM	
  annihilation	
  

30 

DM	
  annihila)on	
  signal	
  from	
  all	
  DM	
  halos	
  at	
  
all	
  redshiOs	
  should	
  contribute	
  to	
  the	
  IGRB.	
  
	
  
	
  

DM	
  halos	
  and	
  substructure	
  expected	
  at	
  all	
  
scales	
  down	
  to	
  a	
  Mmin	
  ~	
  10-­‐6	
  Msun.	
  
	
  
Gamma-­‐ray	
  aUenua)on	
  due	
  to	
  the	
  EBL	
  and	
  
‘redshiOing’	
   effects	
   should	
   makes	
   lower	
  
redshiOs	
  (z	
  ≤	
  2)	
  to	
  contribute	
  the	
  most.	
  
	
  
	
  
We	
   calculated	
   the	
   expected	
   level	
   of	
   this	
  
cosmological	
  DM	
  annihila7on	
  signal	
   in	
  our	
  
work.	
  

Zoom	
  sequence	
  from	
  100	
  to	
  0.5	
  Mpc/h	
  	
  
Millenium-­‐II	
  simulation	
  boxes	
  (Boylan-­‐Kolchin+09)	
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! quite extensive theory part
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dφ

dE0
=

�σv�
8π

c (ΩDMρc)2

m
2
DM

�
dze

−τ(E0,z) (1 + z)3

H(z)
ζ(z)

dN

dE

���
E=E0(1+z)

EBL attenuation 
(Domínguez+11) 

WIMP-induced 
spectrum “Flux multiplier” 

WIMP annihilation 
cross-section 

FLUX from 
extragalactic 

DM annihilation 

The	
  flux	
  multiplier	
  is	
  a	
  measure	
  of	
  the	
  clumpiness	
  of	
  the	
  DM	
  in	
  the	
  Universe,	
  
and	
  is	
  the	
  main	
  source	
  of	
  theoretical	
  uncertainty	
  in	
  this	
  game.	
  

Uncertainties	
  in	
  this	
  parameter	
  traditionally	
  huge!	
  

Theoretical	
  predictions	
  for	
  the	
  cosmological	
  signal	
  

The DM extragalactic annihilation flux 
can be computed in the Halo Model 
from 3 or more quantities 
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Figure 2. Mass dependence of the best-fitting Einasto parameters for all
haloes in our sample at z = 0. Only relaxed haloes with more than 5000
particles within the virial radius are considered. The top and bottom panels
show, respectively, the concentration, c = r200/r−2, and shape parameter, α,
as a function of halo virial mass. Individual points are coloured according to
the third parameter (see colour bar on the right of each panel). The connected
symbols trace the median values for each Millennium Simulation (see legend
in the top panel); thin solid lines delineate the 25 to 75 percentile range.
The dashed curves indicate the fitting formulae proposed by Gao et al.
(2008). For clarity only 10 000 haloes per simulation are shown in this
figure. Haloes shown in grey are systems where the best-fitting scale radius
is smaller than the convergence radius; these fits are deemed unreliable
and the corresponding haloes are not included in the analysis. The grey
vertical bars highlight three different mass bins used to explore parameter
variations at fixed halo mass (see Sections 4.3 and 4.4). The small boxes
indicate haloes in each of those bins with average, higher-than-average and
lower-than-average values of α (bottom panel) or of the concentration (top
panel).

concentration (Neto et al. 2007). An ideal definition of formation
time would result in a natural correspondence between the charac-
teristic density of a halo at z = 0 and the density of the Universe at
the time of its assembly.

We explore two possibilities in Fig 3. Here, we show the mean
density enclosed within various characteristic radii at z = 0 ver-
sus the critical density of the Universe at the time when the main
progenitor mass equals the mass enclosed within the same radii.

The left-hand panels correspond to radii enclosing 1/4, 1/2 and
3/4 of the virial mass of the halo. The dots indicate individual
haloes coloured by halo mass, as shown in the colour bar at the top.
Boxes and whiskers trace the 10th, 25th, 75th and 90th percentiles

in bins of ρcrit. Note the tight but rather weak (and non-linear)
correlation between densities at these radii. This confirms our earlier
statement that ‘half-mass’ formation times are unreliable indicators
of halo characteristic density: haloes with very different z1/2 may
nevertheless have similar concentrations.

The right-hand panels of Fig. 3 show the same density correla-
tions, but measured at various multiples of r−2, the scale radius of
the mass profile at z = 0. The middle panel shows that the mean den-
sity within r−2, 〈ρ−2〉 = M−2/(4π/3)r3

−2 is directly proportional to
the critical density of the Universe at the time when the virial mass
of the main progenitor equals M−2. Intriguingly, this is also true
at r−2/2 (top-right panel) and at 2 × r−2 (bottom-right panel), al-
though with different proportionality constants (listed in the figure
legends).

This means that there is an intimate relation between the mass
profile of a halo and the shape of its MAH, in the sense that, once
the scale radius is specified, the MAH can be reconstructed from
the mass profile, and vice versa. Since mass profiles are nearly
self-similar when scaled to r−2, this implies that accretion histories
must also be approximately self-similar when scaled appropriately.
The MAH self-similarity has been previously discussed by van den
Bosch (2002), but its relation to the shape of the mass profile, as
highlighted here, has so far not been recognized.

4.3 NFW accretion histories and mass profiles

We explore further the relation between MAH and mass profile
by casting both in a way that simplifies their comparison, i.e. in
terms of mass versus density. In the case of the mass profile, this
is just the enclosed mass–mean inner density relation, M(〈ρ〉) (see
Section 3.1). For the MAH, this reduces to expressing the virial
mass of the main progenitor in terms of the critical density, rather
than the redshift, M(ρcrit(z)). In what follows, we shall scale all
masses to the virial mass of the halo at z = 0, M0; ρcrit(z) to the
value at present, ρ0; and 〈ρ〉 to 200 ρ0.

The top-left panel of Fig. 4 shows, in these scaled units, the av-
erage M(〈ρ〉) profile for haloes in three different narrow mass bins
(indicated by the grey vertical bars in the bottom panel of Fig. 2).
These mean profiles are computed by averaging halo masses, for
given 〈ρ〉, after scaling all individual haloes as indicated above. As
expected, each profile is well fitted by an NFW profile where the
concentration increases gradually with decreasing mass. The heavy
symbols on each profile indicate the value of M−2 and 〈ρ−2〉. The
top-right panel shows the same data, but scaled to these character-
istic masses and densities. Clearly, the three profiles follow closely
the same NFW shape, which is fixed in these units.

The corresponding MAHs, computed as above by averaging
accretion histories of scaled individual haloes, are shown in the
bottom-left panel of Fig. 4. The heavy symbols on each profile
again indicate the value of M−2 (as in the above panel), as well as
ρcrit(z−2) = 776 〈ρ−2〉, computed using the relation shown in the
middle-right panel of Fig. 3.

In these scaled units, a single point can be used to specify the
‘concentration’ of an NFW profile, which is shown by the dashed
curves. Interestingly, these provide excellent descriptions of the
MAHs: rescaled to their own characteristic density and mass they
all look alike and also follow closely the NFW shape (bottom-right
panel of Fig. 4). The MAHs and mass profiles of CDM haloes are
not only nearly self-similar: they both have similar shapes that may
be approximated very well by the NFW profile.

This implies that the concentration of the mass profile just reflects
the ‘concentration’ of the MAH. Indeed, assuming that the NFW
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Figure 1. Halo density profiles and accretion histories. Left-hand panel: median density profiles of MS-II relaxed haloes in the mass range 1.24 <

log M200/(1010 h−1 M") < 1.54 (corresponding to particle numbers in the range 2.5 × 104 < N200 < 5 × 104), selected according to their concentra-
tion (see boxes in the top panel of Fig. 2). Densities are shown scaled to ρ0, the critical density at z = 0, and weighted by r2 in order to enhance the dynamic
range of the plot. Radii are scaled to the virial radius, r200. The best-fitting Einasto profiles are shown by the thin solid curves, with parameters listed in the
legend. Dot–dashed curves indicate NFW profiles (whose shape is fixed in these units) matched at the scale radius, r−2, where the r2ρ profiles peak. Arrows
indicate the half-mass radius, r1/2. Right-hand panel: median MAHs of the same set of haloes chosen for the left-hand panel. Halo accretion history is defined
as the evolution of the mass of the main progenitor, expressed in units of the mass of the halo at z = 0. The heavy circles indicate the redshift, z−2, when the
progenitor’s mass equals the mass, M−2, enclosed within the scale radius at z = 0. The starred symbols indicate the half-mass formation redshift.

In the scaled units of Fig. 1 the scale radius, r−2, signals the
location of the maximum of each curve, and different concentrations
show as shifts in the position of the maxima, which are indicated
by large filled circles. In addition to their different concentrations,
the profiles differ as well in α, which increases with decreasing
concentration (see legends in Fig. 1). Arrows indicate the half-
mass radius of each profile. Dot–dashed curves show NFW profiles
(whose shape is fixed in this plot) with the same concentration as
the best Einasto fit (solid lines). The density profile curves more
gently than NFW for α ! 0.18 and less gradually than NFW for
α " 0.18, respectively.

The (median) MAHs corresponding to the same sets of haloes
are shown in the right-hand panel of Fig. 1. We define the MAH of
a halo as the evolution of the virial mass of the main progenitor,3

usually expressed as a function of the scalefactor a = 1/(1 + z),
and normalized to the present-day value, M0 = M200(z = 0). As ex-
pected, more concentrated haloes accrete a larger fraction of their
final mass earlier on. The filled stars indicate the ‘half-mass for-
mation redshift’, z1/2, whereas the filled circles indicate z−2, the
redshift when the mass of the main progenitor first reaches M−2,
the mass enclosed within r−2 at z = 0.

4 R ESULTS

4.1 The mass–concentration–shape relations

The top panel of Fig. 2 shows the mass–concentration relation for
our sample of relaxed haloes at z = 0. Concentrations are estimated
from Einasto fits, and are colour coded by the shape parameter, α,
as indicated by the colour bar. The open symbols track the median
concentrations as a function of mass. The thin solid lines trace the

3 The main progenitor of a given dark matter halo is found by tracing
backwards in time the most massive halo along the main branch of its
merger tree.

25th and 75th percentiles of the scatter at fixed mass. Different
symbols are used for the different MS runs, as specified in the
legend. Note the excellent agreement in the overlapping mass range
of each simulation, which indicates that our fitting procedure is
robust to the effects of numerical resolution.

The bottom panel of Fig. 2 shows the mass–α relation, coloured
this time by concentration. The trend is again consistent with earlier
work; the median values of α are fairly insensitive to halo mass,
except at the highest masses, where it increases slightly. The mass–
concentration–shape trends are consistent with earlier work; for
example, the dashed lines correspond to the fitting formulae pro-
posed by Gao et al. (2008) and reproduce the overall trends very
well.

Fig. 2 illustrates an interesting point already hinted at in Fig. 1:
the shape parameter seems to correlate with concentration at given
mass. Interestingly, haloes of average concentration have approx-
imately the same shape parameter (α ≈ 0.18, i.e. quite similar to
NFW), regardless of mass. Haloes with higher-than-average con-
centration have smaller values of α and vice versa. This suggests
that the same mechanism responsible, at given mass, for deviations
in concentration from the mean might also be behind the different
mass profile shapes at z = 0 parametrized by α. We explore this
possibility next.

4.2 Characteristic densities and assembly times

As pointed out by Navarro et al. (1997) and confirmed by subsequent
work (see, e.g. Jing 2000), the scatter in concentration is closely
related to the accretion history of a halo: the earlier (later) a halo is
assembled the higher (lower) its concentration.

This is clear from the assembly histories shown in Fig. 1, which
illustrate as well that defining ‘formation time’ in a way that corre-
lates strongly and unequivocally with concentration is not straight-
forward. For example, the often-used half-mass formation redshift,
z1/2, varies only weakly with c, making it an unreliable proxy for
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3. HALO MASS FUNCTION

3.1. Fitting Formula and General Results

Although the number density of collapsed halos of a given
mass depends sensitively on the shape and amplitude of the power
spectrum, successful analytical Ansätze predict the halo abun-
dance quite accurately by using a universal function describ-
ing the mass fraction of matter in peaks of a given height, ! !
"c/#(M; z), in the linear density field smoothed at some scale R ¼
(3M /4$%̄m)

1/3 (Press & Schechter 1974; Bond et al. 1991; Sheth
& Tormen 1999). Here, "c # 1:69 is a constant corresponding to
the critical linear overdensity for collapse and #(M ; z) is the rms
variance of the linear density field smoothed on scale R(M ). The
traditional nonlinear mass scale M$ corresponds to # ¼ "c. This
fact has motivated the search for accurate universal functions de-
scribing simulation results by Jenkins et al. (2001), White (2002),
and Warren et al. (2006). Following these studies, we choose the
following functional form to describe halo abundance in our
simulations:

dn

dM
¼ f (#)

%̄m
M

d ln #%1

dM
: ð2Þ

In extended Press-Schechter theory, the overdensity at a location
in a linear density field follows a random walk with decreasing
smoothing scale. The function f (#) is the #-weighted distribution
of first crossings of these random walks across a barrier separat-
ing collapsed objects from uncollapsed regions (e.g., where the
random-walking overdensity first crosses "c). The function f (#)
is expected to be universal to the changes in redshift and cos-
mology and is parameterized as

f (#) ¼ A
#

b

! "%a

þ1

# $
e%c=# 2

; ð3Þ

where

#2 ¼
Z

P(k)Ŵ (kR)k 2 dk; ð4Þ

P(k) is the linear matter power spectrum as a function of wave-
number k, and Ŵ is the Fourier transform of the real-space top-
hat window function of radius R. It is convenient to recall that the
matter variance monotonically decreases with increasing smooth-
ing scale; thus, higherM corresponds to lower #. In the figures and
text, we will use log #%1 as the independent variable. This quan-
tity increases monotonically with halo mass.

The functional form (3) was used in Warren et al. (2006) with
minor algebraic difference, and is similar to the forms used by
Sheth & Tormen (1999)11 and Jenkins et al. (2001). ParametersA,
a, b, and c are constants to be calibrated by simulations. The pa-
rameter A sets the overall amplitude of the mass function, while a
and b set the slope and amplitude of the low-mass power law, re-
spectively. The parameter c determines the cutoff scale at which
the abundance of halos exponentially decreases.

The best-fit values of these parameters were determined by fit-
ting equation (3) to all the z ¼ 0 simulations using &2 minimiza-
tion and are listed in Table 2 for each value of !. For! ) 1600,

we fix the value of A to be 0.26 without any loss of accuracy.12

This allows the other parameters to vary monotonically with !,
allowing for smooth interpolation between values of !.
Figure 5 shows the mass function measured for three values

of ! and the corresponding best-fit analytic functions. We plot
(M 2/%̄m) dn/dM rather than dn/dM to reduce the dynamic range
of the y-axis, as dn/dM values span nearly 14 orders of magni-
tude. The figure shows that as ! increases the halo masses be-
come systematically smaller. Thus, from ! ¼ 200 to 3200, the
mass scale of the exponential cutoff reduces substantially. The
shape of the mass function is also altered; at! ¼ 200 the loga-
rithmic slope at low masses is *%1.85, while at ! ¼ 3200 the
slope is nearly%2. This change in slope is due to two effects. First,
the fractional change in mass when converting between values of
! is not a constant; it depends on halo mass. Because halo con-
centrations are higher for smaller halos, the fractional change is
higher at lower masses, thus steepening the mass function. Sec-
ond, a number of low-mass objects withinR200 of a larger halo are
‘‘exposed’’ as distinct halos when halos are identified with ! ¼
3200. Although all halos contain substructure, these ‘‘revealed’’
subhalos will only impact overall abundance of objects at low
mass,M P 1012 h%1 M+, because the satellite fraction (the frac-
tion of all halos located within virial radii of larger halos) de-
creases rapidly from #20% to zero for M > 1012 h%1 M+ (e.g.,
Kravtsov et al. 2004). This trend can be understood using aver-
age properties of subhalos in parent CDM halos. Subhalo popu-
lations are approximately self-similar with only a weak trend with
mass (e.g., Moore et al. 1999; Gao et al. 2004), and the largest11 A convenient property of the Sheth & Tormenmass function is that one re-

covers the mean matter density of the universe when integrating over all mass;
the function is normalized such that

R
f (#) d ln #%1 ¼ 1. Eq. (3) does not con-

verge when integrating to log #%1 ¼ %1. In Appendix C we present a modified
fitting function that is properly normalized at all ! but still produces accurate
results at z ¼ 0.

12 Although a four-parameter function is required to accurately fit the data at
low!, at high overdensities the error bars are sufficiently large that a degeneracy
between A and a emerges, and the data can be fit with only three free parameters,
given a reasonable choice for A.

Fig. 5.—Measured mass functions for all WMAP1 simulations, plotted as
(M 2/%̄m) dn/dM against logM . The solid curves are the best-fit functions from
Table 2. The three sets of points show results for! ¼ 200, 800, and 3200 ( from
top to bottom). To provide a rough scaling betweenM and #%1, the top axis of the
plot shows#%1 for thismass range for theWMAP1 cosmology. The slight offset be-
tween the L1280 results and the solid curves is due to the slightly lower value of
"m ¼ 0:27.
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(3M /4$%̄m)

1/3 (Press & Schechter 1974; Bond et al. 1991; Sheth
& Tormen 1999). Here, "c # 1:69 is a constant corresponding to
the critical linear overdensity for collapse and #(M ; z) is the rms
variance of the linear density field smoothed on scale R(M ). The
traditional nonlinear mass scale M$ corresponds to # ¼ "c. This
fact has motivated the search for accurate universal functions de-
scribing simulation results by Jenkins et al. (2001), White (2002),
and Warren et al. (2006). Following these studies, we choose the
following functional form to describe halo abundance in our
simulations:

dn

dM
¼ f (#)

%̄m
M

d ln #%1

dM
: ð2Þ

In extended Press-Schechter theory, the overdensity at a location
in a linear density field follows a random walk with decreasing
smoothing scale. The function f (#) is the #-weighted distribution
of first crossings of these random walks across a barrier separat-
ing collapsed objects from uncollapsed regions (e.g., where the
random-walking overdensity first crosses "c). The function f (#)
is expected to be universal to the changes in redshift and cos-
mology and is parameterized as

f (#) ¼ A
#

b

! "%a

þ1

# $
e%c=# 2

; ð3Þ

where

#2 ¼
Z

P(k)Ŵ (kR)k 2 dk; ð4Þ

P(k) is the linear matter power spectrum as a function of wave-
number k, and Ŵ is the Fourier transform of the real-space top-
hat window function of radius R. It is convenient to recall that the
matter variance monotonically decreases with increasing smooth-
ing scale; thus, higherM corresponds to lower #. In the figures and
text, we will use log #%1 as the independent variable. This quan-
tity increases monotonically with halo mass.

The functional form (3) was used in Warren et al. (2006) with
minor algebraic difference, and is similar to the forms used by
Sheth & Tormen (1999)11 and Jenkins et al. (2001). ParametersA,
a, b, and c are constants to be calibrated by simulations. The pa-
rameter A sets the overall amplitude of the mass function, while a
and b set the slope and amplitude of the low-mass power law, re-
spectively. The parameter c determines the cutoff scale at which
the abundance of halos exponentially decreases.

The best-fit values of these parameters were determined by fit-
ting equation (3) to all the z ¼ 0 simulations using &2 minimiza-
tion and are listed in Table 2 for each value of !. For! ) 1600,

we fix the value of A to be 0.26 without any loss of accuracy.12

This allows the other parameters to vary monotonically with !,
allowing for smooth interpolation between values of !.
Figure 5 shows the mass function measured for three values

of ! and the corresponding best-fit analytic functions. We plot
(M 2/%̄m) dn/dM rather than dn/dM to reduce the dynamic range
of the y-axis, as dn/dM values span nearly 14 orders of magni-
tude. The figure shows that as ! increases the halo masses be-
come systematically smaller. Thus, from ! ¼ 200 to 3200, the
mass scale of the exponential cutoff reduces substantially. The
shape of the mass function is also altered; at! ¼ 200 the loga-
rithmic slope at low masses is *%1.85, while at ! ¼ 3200 the
slope is nearly%2. This change in slope is due to two effects. First,
the fractional change in mass when converting between values of
! is not a constant; it depends on halo mass. Because halo con-
centrations are higher for smaller halos, the fractional change is
higher at lower masses, thus steepening the mass function. Sec-
ond, a number of low-mass objects withinR200 of a larger halo are
‘‘exposed’’ as distinct halos when halos are identified with ! ¼
3200. Although all halos contain substructure, these ‘‘revealed’’
subhalos will only impact overall abundance of objects at low
mass,M P 1012 h%1 M+, because the satellite fraction (the frac-
tion of all halos located within virial radii of larger halos) de-
creases rapidly from #20% to zero for M > 1012 h%1 M+ (e.g.,
Kravtsov et al. 2004). This trend can be understood using aver-
age properties of subhalos in parent CDM halos. Subhalo popu-
lations are approximately self-similar with only a weak trend with
mass (e.g., Moore et al. 1999; Gao et al. 2004), and the largest11 A convenient property of the Sheth & Tormenmass function is that one re-

covers the mean matter density of the universe when integrating over all mass;
the function is normalized such that

R
f (#) d ln #%1 ¼ 1. Eq. (3) does not con-

verge when integrating to log #%1 ¼ %1. In Appendix C we present a modified
fitting function that is properly normalized at all ! but still produces accurate
results at z ¼ 0.

12 Although a four-parameter function is required to accurately fit the data at
low!, at high overdensities the error bars are sufficiently large that a degeneracy
between A and a emerges, and the data can be fit with only three free parameters,
given a reasonable choice for A.

Fig. 5.—Measured mass functions for all WMAP1 simulations, plotted as
(M 2/%̄m) dn/dM against logM . The solid curves are the best-fit functions from
Table 2. The three sets of points show results for! ¼ 200, 800, and 3200 ( from
top to bottom). To provide a rough scaling betweenM and #%1, the top axis of the
plot shows#%1 for thismass range for theWMAP1 cosmology. The slight offset be-
tween the L1280 results and the solid curves is due to the slightly lower value of
"m ¼ 0:27.
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an extrapolation of more 
than 10 orders of magnitude!

10−9, 10−6 h−1 M⊙ ?

Ingredients:
1. Halos mass function
2. Halos density profile (NFW, Einasto, etc ...)
3. Halos concentration 
+ all of the above for subhalos 

> 106 h−1 M⊙

ρ(z, Ω̂) = ρ̄(z)∆(z, Ω̂)

(Sefusatti, DSU13)

Simulations	
  do	
  
not	
  resolve	
  the	
  
whole	
  hierarchy	
  
of	
  structure	
  
formation…	
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Figure 1. Comparison of the different models used to calculate the enhancement of DM annihilation
signal due to structure formation; ∆2(z) based on the Millennium II simulation (MSII-models) [38]
and the semi-analytic model (BulSub) [23]. All the enhancement factors ∆2(z) are multiplied by the
factor (1 + z)3/h(z) in order to reflect the relevant part of the integrand in equation (2.1) we want to
illustrate.

gives significantly lower optical depth. For z ≥ 1 the difference to the older model [69] is large
for gamma-ray energies E0 � 20 GeV, and for higher energies the difference is even larger and
their deviation start at much lower redshifts. We show that the choice of absorption model
plays a role for the DM limits when the limits are set by the gamma-ray spectrum in the high
energy end of the Fermi-LAT measurement. We comment further on this in sections 3 and 5.

2.2 Galactic

In addition to an extragalactic DM signal, there could be a significant contribution from
pair annihilations along the line of sight through the DM halo in which the Milky Way
is embedded. Current N-body simulations show highly galactocentric smooth DM density
profiles, extending far beyond the visible Galaxy, and with the main halo hosting a large
amount of substructures in form of subhalos (which themselves contain subhalos) [19, 31].

The Galactic main halo’s DM density profile would by itself, from an observer on Earth,
give rise to a very anisotropic DM annihilation signal.3 The DM annihilation signal from the
Galactic substructures, however, has a completely different morphology and could potentially
produce a fully isotropic signal. This is because the flux is proportional to the number den-
sity distribution of subhalos, and this distribution is much less centrally concentrated than

3In [70] it was also argued that without, e.g., a substructure signal enhancements, the observation of the
inner degrees of the Milky Way is typically expected to always reveal a DM signal prior to a observed DM
gamma-ray signature in the IGRB measurment.

– 5 –

Most	
  optimistic	
  
c(M)	
  power-­‐law	
  
extrapolation	
  

Semi-­‐analytical	
  

Conservative	
  
power-­‐law	
  

extrapolation	
  

Only	
  resolved	
  
halos	
  in	
  MSII	
  

3 orders of mag! 
Are	
  all	
  these	
  scenarios	
  
realistic,	
  i.e.,	
  well	
  
motivated	
  in	
  ΛCDM?	
  

Previously,	
  this	
  was	
  the	
  common	
  picture:	
  

In	
  our	
  work,	
  these	
  uncertainties	
  are	
  drastically	
  reduced	
  by	
  means	
  of:	
  
	
  

	
  -­‐	
  A	
  better	
  understanding	
  at	
  small	
  halo	
  masses,	
  thanks	
  to	
  both	
  recent	
  
theoretical	
  and	
  numerical	
  developments.	
  
-­‐ Two	
  independent	
  and	
  complementary	
  approaches	
  to	
  compute	
  ζ(z).	
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HALO	
  MODEL	
  (HM)	
  	
  

Implies	
  to	
  describe	
  the	
  structure	
  of	
  individual	
  

halos	
  and	
  subhalos,	
  and	
  their	
  cosmic	
  evolution.	
  	
  

	
  à	
  OUR	
  BENCHMARK	
  MODEL	
  

Flux	
  multiplier:	
  approaches	
  

non-­‐linear	
  matter	
  POWER	
  SPECTRUM	
  (PS)	
  

Directly	
  measured	
  in	
  simulations.	
  	
  

	
  à	
  Good	
  to	
  study	
  uncertainties	
  	
  

(only	
  one	
  quantity	
  extrapolated)	
  

Disclaimer:	
  both	
  approaches	
  use	
  extrapolations	
  over	
  several	
  orders	
  
	
   	
  of	
  magnitude	
  down	
  to	
  the	
  smallest	
  predicted	
  mass	
  scales.	
  

The flattening of the concentration-mass relation and implications for the boosts 3
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Figure 1. Top panel: Current knowledge of the median concentration-mass relation at z = 0 for all halo masses available in the
literature from different simulation data sets, i.e. from the smallest Earth-like DM microhalos predicted to exist in the CDM universe
(∼10−6h−1M"), up to the largest cluster-size halos (∼1015h−1M"). At the high-mass end, the results from Bolshoi (blue circles) and
MultiDark (purple circles) are shown. The two empty black squares at ∼109h−1M" and the three filled black squares at ∼108h−1M"

were derived from Ishiyama et al. (2013) and Coĺın et al. (2004), respectively. Another individual ”Draco-like 108h−1M" halo is also
plotted as a green pentagon (Moore et al. 2001). A couple hundreds dwarf halos with masses ∼106 – 109 h−1M" (red triangles) were
extracted from the VL-II data (Diemand et al. 2008). At the low-mass end, we show the microhalo results taken from Diemand et al.
(2005) (orange filled diamonds) and Anderhalden & Diemand (2013) (orange empty diamonds) for individual halos, as well as those
recently reported by Ishiyama (2014) for a sample of thousands of microhalos (empty black triangles). We also provide the upper limit
to halo concentrations obtained by Diemand et al. (2005) in the range 10−6 – 10 h−1M" (pink dotted line). The P12 concentration
model (Prada et al. 2012) is shown with a solid line. The shaded gray region represents a typical 1σ concentration scatter of 0.14 dex
centered on the P12 model. The dashed curve represents the updated M08 version (Macciò, Dutton, & van den Bosch 2008) of the
B01 toy concentration model (Bullock et al. 2001). All concentration values but those from MultiDark, Bolshoi and VL-II, have been
extrapolated down to z = 0 by means of the (1 + z) correction factor. Bottom panel: Same data set but displayed in the c – σ−1 plane,
which allows for a more detailed analysis and comparison between simulations and model in terms of the amplitude of linear density
fluctuations. The concentration values shown are those in the original set of simulations at the corresponding redshift where they were
measured, while the σ(M) values are the ones that halos would have at present time for those values of the concentration, see text for
further details. Solid (dashed) line refers to the σ(M) range in which the P12 model was (not) tested against simulations.
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Figure 4. Same as Fig. 3 but for the limits defined in equations (8) and (10).

their properties. In fact, this is true as well for the typical ingredients
required by the HM approach, such as the mass function, the halo
profile, etc. However, the dependence on redshift of the uncertainty
in the determination of such quantities is not accounted for (instan-
taneous virialization and convergence to asymptotic universal halo
profile are for example assumed). Note however how the minimum
condition enforced via equation (6) prevents the error to grow too
much, with a moderating effect that is more pronounced at high z

and high k.
Figs 3 and 4 show as well, for comparison, the extrapolation of

the HF and RHF fitting formulas, together with the corrected ver-
sion of equation (2) enforcing the stable clustering prediction. Both
the extrapolated values of HF and RHF exceed the bounds derived
from the simulations. This is not surprising since, as mentioned
before, the large-k asymptotic behaviour has not been considered
in the fitting procedure. On the other hand, the stable clustering
assumption provides a ‘best guess’ extrapolation that nicely falls
within the estimated limits, both from MS and MSII, for all red-
shifts considered, even in the case of the tighter aggressive limits
of equations (8) and (10). This is evident as well confronting the
values obtained for ζ (z) with the allowed interval as reported in
Table 1. It is important to note that at the highest k resolved by the

MSII simulation, the MSII power spectrum does fall within the esti-
mated uncertainty band (blue/dark shadowed region) deduced from
MS data both in Figs 3 and 4. This is a further consistency check of
the physically reasonable behaviour of the uncertainty extrapolation
schemes proposed.

These results are visualized as well in Fig. 5 where the uncer-
tainty on the dimensionless combination (1 + z)3 ζ (z) H0/ H(z)
estimated from the extrapolated MS data (blue regions) and MSII
data (red regions) is shown as a function of redshift. Black curves
correspond to the RHF+SC prediction. Two different values for
the integration cut-off are considered, kmax = 106 and 108 h Mpc−1

(continuous and dashed curves, respectively). All extrapolations
assume k" = k1 per cent. The left-hand panel assumes the more
conservative bounds of equations (5) and (6) while the right-hand
panel assumes equations (8) and (10). Clearly, the lower bounds
are not affected much by the two orders of magnitude difference in
the cut-off assumed here, while the upper bounds change by up to
about a factor of 10, depending on the redshift, in the conservative
extrapolation case. Notice that we limit the plots to the four outputs
available, z = 0, 1, 2 and 6 and that we have no upper bounds
estimated from MS at redshift z = 6, so we stop at z = 2. The es-
timated uncertainties obviously depend as well on the choice of k",
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an uncertainty in the DM limits.282

Finally, in Fig. (3) we explore the dependence of ζ2 on the assumed cut-off scale Mmin283

(or, equivalently, kmax(z) defined by π/rs). We perform this exercise at redshift zero,284

mainly because DM annihilations originated at low redshifts contribute the most to the285

expected extragalactic signal and gives, thus, a fair representation of behavior of the total286

signal. Note that while the minimal (PS (MIN)) type of extrapolation in the PS approach287

(Eq. (5)) is quite insensitive to the choice of Mmin, the same is not true for the maximal288

(PS (MAX)) extrapolation, i.e., Eq. (6). Overall, the agreement between HM and PS289

predictions is good, the former being within the uncertainty bands deduced in the latter290

approach (except marginally at the highest (unrealistic) minimum halo masses tested).291
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Figure 1: Normalized ζ2 as a function of redshift. A value of Mmin = 10−6 h−1 M⊙ was
used in both the PS (gray) and HM predictions (red). The benchmark HM model detailed
in Section 2.1 is shown by the red solid line. The red dashed line corresponds to the case
in which the slope of the subhalo mass function varies from the fiducial α = 2 to 1.9 (i.e.,
less substructures). The dotted line, labeled PS (MIN), shows the minimum approximation
from Equation 5 in the PS approach, while the dashed line, PS (MAX), shows the maximum
approximation given by Equation 6.
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HM	
  vs.	
  PS	
  predictions	
  (I)	
  
redshift	
  evolution	
  

PRELIMINARY 

Both	
  the	
  PS	
  and	
  HM	
  results	
  
are	
  fully	
  consistent	
  with	
  each	
  
other.	
  
	
  
Benchmark	
  HM	
  (solid	
  line)
within	
  PS-­‐min	
  and	
  PS-­‐max,	
  
as	
  expected.	
  



OUR	
  BENCHMARK	
  MODEL:	
  
calculated	
  in	
  Halo	
  Model	
  
approach	
  using	
  the	
  most	
  
up-­‐to-­‐date	
  parameters.	
  	
  

UNCERTAINTY	
  BAND:	
  	
  
	
  Estimated	
  by	
  means	
  of	
  the	
  non-­‐linear	
  
matter	
  Power	
  Spectrum	
  approach.	
  It	
  
will	
  directly	
  translate	
  into	
  uncertainties	
  
in	
  our	
  DM	
  limits.	
  

factor ~17 

HM	
  vs.	
  PS	
  predictions	
  (II)	
  
(example	
  of)	
  DM	
  annihilation	
  fluxes	
  

PRELIMINARY 

[500	
  GeV	
  WIMP	
  annihilating	
  to	
  bb	
  quarks]	
  



SMOOTH	
  COMPONENT:	
  	
  
	
  

NFW	
  DM	
  density	
  profile.	
  
A	
  factor	
  ~16	
  difference	
  between	
  20	
  and	
  90	
  degrees	
  of	
  latitude.	
  
	
  

	
  à	
  Anisotropic	
  signal:	
  additional	
  foreground	
  

•  Would	
  the	
  Galactic	
  DM	
  signal	
  be	
  sufficiently	
  isotropic?	
  

à if	
  so,	
  added	
  to	
  the	
  extragalactic	
  signal	
  when	
  setting	
  the	
  DM	
  limits.	
  

à If	
  not,	
  treated	
  as	
  an	
  additional	
  foreground.	
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Galactic	
  DM	
  annihilation	
  signal	
  

GALACTIC	
  SUBSTRUCTURE:	
  
 

Factor ~2 anisotropy (Via Lactea II); in other prescriptions, only 10%. 
	
  

	
  à	
  Sufficiently	
  isotropic	
  signal:	
  added	
  to	
  extragalactic	
  when	
  setting	
  DM	
  limits.	
  
	
  

	
  

Two	
  substructure	
  scenarios:	
  total	
  Galactic	
  boosts	
  of	
  3	
  and	
  15	
  [MASC&Prada	
  14].	
  



Isotropic	
  emission:	
  DM	
  limits	
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Two	
  types	
  of	
  limits:	
  	
  
	
  

	
  à	
  conservative,	
  no	
  assumed	
  astrophysical	
  (non	
  DM)	
  contributions	
  to	
  the	
  IGRB.	
  	
  
	
  à	
  optimistic,	
  100%	
  of	
  the	
  IGRB	
  assumed	
  to	
  be	
  of	
  astrophysical	
  origin.	
  

	
  

They	
  should	
  bracket	
  the	
  ‘true’	
  DM	
  limits	
  that	
  would	
  come	
  from	
  a	
  precise	
  
knowledge	
  of	
  the	
  astrophysical	
  contributions.	
  

PRELIMINARY 
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Isotropic	
  emission:	
  DM	
  limits	
  

PRELIMINARY PRELIMINARY 

PRELIMINARY PRELIMINARY 
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Franckowiak,	
  Gustafsson,	
  MASC,	
  Zaharijas	
  for	
  the	
  LAT	
  Collaboration,	
  in	
  prep.	
  



THE	
  FUTURE:	
  Pass	
  8	
  	
  
(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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Remarks	
  

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	
  (a.k.a.	
  Pass	
  8).	
  
	
  	
  	
  	
  	
  	
  	
  à	
  especially	
  relevant	
  for	
  DM	
  searches.	
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