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Direct Detection Methods

Direct Detection Methods

●   XENON100
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Schematic of an individual detector within CDMS. A WIMP scattering from a 
germanium nucleus produces a low-energy nuclear recoil, resulting in both 
ionization and athermal phonons. Charge carriers drift out to one face of the 
detector under the influence of a small electric field, and are detected with a 
sensitive amplifer [signal shown as Q(t)]. Phonons reaching the other face break 
Cooper pairs in a thin superconducting aluminum layer; the resulting 
quasiparticles heat a transition-edge sensor (TES) bonded to the aluminum 
layer, causing a measurable momentary change in its resistance R(t). In reality, 
the readout elements on both sides are highly segmented, and the relative 
timing of the ionization and phonon signals recorded, to provide good event 
localization.

Figure from: Perspective by Karl van Bibber 
http://physics.aps.org/viewpoint-for/10.1103/
PhysRevLett.102.011301  on
Z. Ahmed et al. CDMS Collaboration, “Search 
for Weakly Interacting Massive Particles with 
the First Five-Tower Data from the Cryogenic 
Dark Matter Search at the Soudan 
Underground Laboratory,” Phys. Rev. Lett. 
102, 011301 (2009) – Published January 05, 
2009

 CDMS - Cryogenic DM Search
Berkeley-Stanford-led experiment 

has been at the forefront
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x103 in 
5 years!
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www.luxdarkmatter.org        

In DUSEL
(Deep Underground Science 
and Engineering Laboratory)

Homestake Mine
Lead, South Dakota, USA

April 2012 - operation Sept 2012
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14 LUX Experiment / Rick Gaitskell / Brown University 

LUX in the Davis Laboratory at the Homestake Mine in South Dakota (4850L) 

!!Construction/excavation design completed 

!!New 300’ access/safety tunnel being excavated 

!!Shared with Majorana facility 

!! Two story, dedicated LUX 55’ x 30’ x 32’ facility 

 being built now 

1964 

Rendering by J. Thomson 

Lab 

Mine shaft 

Majorana 

LUX 

Mechanical 
& Electrical  
Services 

200 m 

!!Beneficial 

occupancy: 

November/

December 2010 

April 2012
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Spin-independent elastic WIMP-nucleon 
cross-section as function of WIMP mass. 
The new XENON100 limit at 90% CL, as 
derived with the Profile Likelihood method 
taking into account all relevant systematic 
uncertainties, is
shown as the thick (blue) line together with 
the 1σ and 2σ sensitivity of this run (shaded 
blue band). 

Dark Matter Results from 100 Live Days of XENON100 Data E. Aprile et al. 4/13/11

LHC favored
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Spin Dependent  vs.  Spin Indenepdent

SI SI SISI

SD SD
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Spin Dependent  vs.  Spin Indenepdent

SI SI

SD SD

LUX LUX
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By ~2015 Direct Detection could probe most of the CMSSM 
(constrained minimal supersymmetric standard model) and 
mSUGRA (minimal supergravity) WIMP parameter space!  If LUX 
and other large noble gas detectors succeed, they will leapfrog 
over CDMS and have great discovery potential during 2012-15.

LUX

10-8 pb = 10-44 cm2        (barn=10-24 cm2,  pb = 10-12 b = 10-36 cm2)

pb

LUX
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By ~2015 Direct Detection could probe most of the 
CMSSM (constrained minimal supersymmetric standard 
model) and mSUGRA (minimal supergravity) WIMP 
parameter space!

-

LUX (2010)

-5
-6
-7
-8
-9
-10

XENON100 April 2011
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Primack, Seckel, & 
Sadoulet, Ann Rev 
Nucl Part Sci 1988

Thursday, April 26, 12



Thursday, April 26, 12



Thursday, April 26, 12



Thursday, April 26, 12



Thursday, April 26, 12



WHAT IS THE DARK MATTER?
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving. 

 With many ongoing and upcoming experiments 
Production at Large Hadron Collider
Better CMB data from PLANCK
Direct Detection

Spin Independent - CDMS-II, XENON50, LUX
Spin Dependent - COUPP, PICASSO

Indirect detection via
GLAST and larger ACTs
PAMELA and ATIC

-- there could well be a big discovery in the next few 
years.  Whoever discovers the nature of the dark 
matter will surely win the Nobel prize!
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 DARK MATTER
ANNIHILATION AT 

THE GALACTIC 
CENTER?
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The number of detectable (S = 5) 
subhalos with more than Npix detectable 
pixels versus Npix, for three different 
choices of M(for <σv> = 3x10-26 cm3 s−1). 
The shaded regions show the range of 
N(>Npix) for ten randomly chosen 
observer locations and the solid lines 
refer to an observer placed along the 
intermediate axis of the host halo 
ellipsoid.

2008 ApJ 686, 262
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V. Springel et al. 2008 Nature 456, 73-76

Dark matter is the dominant form of matter in the universe, but its nature is unknown.  It is plausibly an 
elementary particle, perhaps the lightest supersymmetric partner of known particle species1. In this 
case, annihilation of dark matter in the halo of the Milky Way should produce g -rays at a level which 
may soon be observable2,3.  Previous work has argued that the annihilation signal will be dominated by 
emission from very small clumps4,5 (perhaps smaller even than the Earth) which would be most easily 
detected where they cluster together in the dark matter halos of dwarf satellite galaxies6. Here we 
show, using the largest ever simulation of the formation of a galactic halo, that such small-scale 
structure will, in fact, have a negligible impact on dark matter detectability. Rather, the dominant and 
likely most easily detectable signal will be produced by diffuse dark matter in the main halo of the Milky 
Way7,8. If the main halo is strongly detected, then small dark matter clumps should also be visible, but 
may well contain no stars, thereby confirming a key prediction of the Cold Dark Matter (CDM) model.

A blueprint for detecting supersymmetric dark matter in the Galactic halo
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                              The Milky Way in the Sky
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There’s a supermassive black 
hole at the center of our galaxy…

n Modern large telescopes 
can track individual stars 
at galactic center
n Need infrared (to penetrate 

dust).
n Need very good resolution 

(use adaptive optics).

n and have been observing 
for past 15 years, with 
improving resolution… Keck, 2 µm Ghez, et al.

Thursday, April 26, 12



Motions of stars 
consistent with 
large, dark mass 
located at Sgr 
A*…

Ghez, et al.
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Schödel, Genzel, et al. 2004
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Schödel et al. 2003
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n The central object at the center of the Milky Way 
is…
n Very dark – but now seen to flare in X-rays and IR.
n Very massive (~3 million solar masses).
n Must be very compact (star S0-2 gets within 17 light hours 

of the center).

n Currently the best case for any supermassive black 
hole.
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γ rays from WIMP annihilation at the 
Galactic Center Scattering of WIMPs by 

star cluster around 
central supermassive 
black hole predicts 
WIMP density 
       ρ(r) ∝ r -3/2 

in central pc.  The 
annihilation rate ∝ ρ2 so 
signal is modestly 
enhanced  and centrally 
peaked.

Gnedin & Primack, Phys Rev Lett 2004  

NFW extrapolation inward

with 3x higher density 
from baryonic contraction 
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Early Atmospheric 
Čerenkov Telescopes

HEGRA

WHIPPLE

THEMIS
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New Ground and Space Based Telescopes

MAGIC
VERITAS
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New ground and space based 
telescopes will find more Blazars at 

higher redshifts
Ground-based Gamma Ray Telescopes 2004

(VERITAS)
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Results from H.E.S.S. on MWy Center
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H.E.S.S.:   High Energy Stereoscopic System
● Array 4 telescopes,    diameter ~12 m
● Field of view   ~5o 
● Angular resolution (single photon): ~ 6 ' 
                                           (with hard cuts): ~ 4 ' 
● Energy resolution    ~15%
● Location:  Namibia,   1800 m   asl 
  Coord.:  23o16' S,   16o30' E  

Energy Threshold   (pre - post cuts):
   0o:   (105 GeV,   125 GeV)
 20o:   (115 GeV,   145 GeV)
 45o:   (265 GeV,   305 GeV)
            60o:   (785 GeV,   925 GeV)

Victor Hess 
1912 balloon 
flight to 6 km: 
“cosmic ray” 
intensity 
increased with 
altitude
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H.E.S.S.:   High Energy Stereoscopic System

Science 3 Sept 2004
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A&A Letters, 425L, 13 (October 2004) 

See also Dieter Horns’ talk at Gamma2004, astro-ph/0408192, Phys Lett B;
and HESS contributions to ICRC29 (2005) by Hinton, Ripkin, Rolland 
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100 pc
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1’ ≈ 2 pc

Sgr A*
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Discovery of Very-
High-Energy 
Gamma-Rays from 
the Galactic Centre 
Ridge
Authors: The 
H.E.S.S. 
Collaboration: F. A. 
Aharonian, et al
Nature
Journal-ref: Nature 
439 (2006) 695
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Angular distribution of the gamma-ray emission from the Sgr A source.

W. Hoffman plenary talk at ICRC29 2005 
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Differential energy spectrum 
from the direction of the 
Galactic Center measured in 
2003 (two telescopes) and 
2004 (four telescopes).
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Galactic Centre source light curves. The integral nightly average  flux 
above 1 TeV is given as function of time in modified Julian Days for 
both 2003 and 2004 observations.  The Galactic Centre source flux is 
consistent with a constant flux at all probed time scales.
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18 TeV neutralino* 500 GeV 
neutralino*

13? TeV
KK WIMP*

*Note: the predicted neutralino annihilation spectrum actually looks more like the 
observed one -- see Bergstrom et al. PRL 95 (2005) 241301  

* 10 TeV KK annihilation spectrum is from Bergstrom et al. PRL 94 (2005) 131301 
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Phys.Rev.Lett. 94 (2005) 131301
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Phys.Rev.Lett. 95 (2005) 241301
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Comments
nThe H.E.S.S. galactic center signal could 

possibly be explained by a SN remnant, or by 
emission associated with accretion by the SMBH 
or dark matter annihilation near it, or a 
combination of sources

nA SN remnant is an extended source expected 
to produce a power-law energy spectrum offset 
from the SMBH, accretion is expected to be 
variable, while DM annihilation should produce a 
cuspy angular distribution with an energy 
spectrum cut off near the WIMP mass

nNo time variability has been seen by H.E.S.S.
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    Abstract: We set an upper limit on the mass of a supersymmetric 
neutralino dark matter particle using the MicrOMEGAS and 
DarkSUSY software packages and the most recent constraints on relic 
density from combined WMAP and SDSS data. We explore several 
different possible scenarios within the MSSM, including coannihilation 
with charginos and sfermions and annihilation through a massive Higgs 
resonance, using low energy mass inputs. We find that no 
coannihilation scenario is consistent with dark matter in observed 
abundance with a mass greater than 2.5 TeV for a wino-type particle or 
1.8 TeV for a Higgsino-type. Contrived scenarios involving Higgs 
resonances with finely-tuned mass parameters can allow masses as high 
as 34 TeV. The resulting gamma-ray energy distribution is not in 
agreement with the recent multi-TeV gamma ray spectrum observed by 
H.E.S.S. originating from the center of the Milky Way. Our results are 
relevent only for dark matter densities resulting from a thermal origin. 

Phys.Rev.D76:043520,2007
Rudy C. Gilmore, Mass Limits on Neutralino Dark Matter
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In the upper plot, we summarize our findings by 
showing the resulting local gamma–ray flux from the 
galactic center in several annihilation scenarios using 
the halo model of [12] with fiducial normalization (no 
baryonic compression), and compare to the latest 
observations of the H.E.S.S. experiment (black data 
points, [30]). The dashed lines show the true 
continuous distribution, while the solid lines show the 
total (continuous plus discrete) emission spectra as 
seen by a detector with an energy resolution of 15 
percent. The blue line is a 1 TeV Higgsino, 
coannihilating with a nearly degenerate chargino and 
second Higgsino. The red line shows the same model 
with coannihilation from a 3rd generation squark, at a 
mass of 1.8 TeV. The green line is a 2.4 TeV wino. 
The purple and orange lines are both a mixed type 
neutralino annihilating through a heavy Higgs 
resonance. The orange model has been optimized by 
fine tuning of the resonance, so that the cross section 
and resulting flux are maximized, while the purple 
line shows a more typical model. The lower plot 
demonstrates an attempt to fit a Higgs resonance 
model to the H.E.S.S. data. A factor 10 density boost 
is applied, resulting in a 102 increase in flux above the 
fiducial value.

SUSY DM maximum mass is too low, spectrum shape 
is wrong, to account for Sag A* gamma rays

Rudy C. Gilmore, Mass Limits on Neutralino Dark Matter

E2 dN
     dE

E2 dN
     dE
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UCLA Dark Matter 2012
Marina del Rey

22-24 February 2012

The Inner Region of the 
Milky Way Galaxy in High 

Energy Gamma Rays

Simona Murgia, SLAC-KIPAC
for the Fermi LAT Collaboration

Dark Matter Distribution

NFW profile

�0 = 0.3 GeV/cm3

a0 = 20 kpc, r0 = 8.5 kpc

The dark matter annihilation (or decay)  signal strongly depends on the dark matter 
distribution.
Cuspier profiles and clumpiness of the dark matter halo can provide large boost factors 

Bertone et al., arXiv:0811.3744 

✓ Via Lactea II (Diemand et al 
2008) predicts a cuspier profile, 
ρ(r)∝r-1.2

✓ Aquarius (Springel et al 2008) 
predicts a shallower than r-1 

innermost profile 

Navarro, Frenk, and White 1997

3

⇢(r) = ⇢0
r0
r

(1 + r0/a0)2

(1 + r/a0)2

Dark Matter 2012 Conference
https://hepconf.physics.ucla.edu/dm12/agenda.html
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Understanding the 
Gamma-ray Sky

= + +
data sources galactic diffuse isotropic

+
dark matter??
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The diffuse gamma-ray emission from the Milky Way is produced by cosmic rays interacting with the 
interstellar gas and radiation field and carries important information on the acceleration, distribution, 
and propagation of cosmic rays.

Galactic Diffuse Emission

= + +
data sources galactic diffuse isotropic

Inverse Compton                      Bremsstrahlung π0-decay

x-ray, gamma-rayx-ray, gamma-ray

proton

proton 

synchotron radiation 
inverse Compton scattering 

bremsstrahlung radiation 

All of these mechanisms create also non γ-ray radiation 
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Example model:
CR source distribution: SNRs
CR confinement region: 20 kpc radius, 4 kpc height  

Cosmic ray origin, propagation, and properties of the interstellar medium can be constrained by 
comparing the data to predictions.

Generate models (in agreement with CR data) varying CR source distribution, CR halo size, gas 
distribution (GALPROP, http://galprop.stanford.edu) and compare with Fermi LAT data (21 
months, 200 MeV to 100 GeV, P6 DATACLEAN)

  

– 88 –

Fig. 7.— Fractional residual maps, (model − data)/data, in the energy range 200 MeV –

100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and model SLZ6R20T∞C5

(bottom). The maps have been smoothed with an 0.5◦ hard edge kernel, see Figure 6.

– 96 –

Fig. 15.— Spectra extracted from the inner Galaxy region for model SSZ4R20T150C5. See

Figure 12 for legend.

(data - prediction)/prediction) for example model

Inner galaxy

isotropic

 IC

DGE  Total π0-decay
bremsstrahlung

sources

All Sky Modeling

On a large scale the agreement between data and prediction is 
overall good, however some extended excesses stand out. 

Fermi LAT Collaboration, to appear in ApJ

Fermi LAT Collaboration, arXiv:1202.4039 (to appear in ApJ)
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Outflow from the center of the Milky Way: jets 
from the supermassive black hole? starburst?

Gamma-ray bubbles (Su et al 2010):

‣ very extended (~ 50o from plane)

‣ hard spectrum (~E-2, 1-100 GeV)

‣ sharp edges

‣ possible counterparts in other wavelengths 
(ROSAT, WMAP, and Planck)

“Gamma-ray Bubbles”     
Su, Slatyer, and Finkbeiner (2010)

Extended Lobe-like Features 
in the Fermi Sky

Fermi LAT data, E>10 GeV
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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

DATA DATA-MODEL (diffuse)

Fermi’s View of the Inner 
Galaxy (15ox15o region)

Fermi LAT preliminary results with 32 months of data, E>1 GeV (P7CLEAN_V6, FRONT):

W28

LAT PSR J1809-2332

LAT PSR J1732-3131

2FGL J1745.6-2858

➡ Bright excesses after subtracting diffuse emission model are consistent with known sources. 

Galactic diffuse emission model: all sky GALPROP model tuned to the inner galaxy
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Galactic Center Source: 
GeV/TeV

GeV/TeV spectrum compatible with gamma-ray production from protons accelerated 
in Sgr A* and diffusing in the interstellar medium

No time variability

R. Ong, TeVPA 2011

Aharonian et al 2006

HESS
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Preliminary results from Fermi LAT show that most of the emission from a 15ox15o 
region around the direction of the Galactic center can be modeled in terms of 
diffuse emission and sources. Papers are forthcoming and will include dark matter 
results

Interesting constraints on the nature of dark matter have been determined by HESS 
with very high energy gamma rays

Our knowledge of the conventional astrophysical background is uncertain. This is 
currently a big limitation for the search of dark matter in the Galactic center with 
gamma rays, which otherwise has huge potential for discovery or for setting 
constraints.

In addition, better understanding of the dark matter density distribution in the 
Galactic center is essential in interpreting observations.
 

Conclusions

The Inner Region of the 
Milky Way Galaxy in High 

Energy Gamma Rays

Simona Murgia, SLAC-KIPAC
for the Fermi LAT Collaboration
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Dark Matter In The Galactic 
Center Region With Fermi 

! The region surrounding the Galactic 
Center is complex; backgrounds present 
are not necessarily well understood 

! This does not, however, necessarily 
make searches for dark matter in this 
region intractable 

! The signal from dark matter annihilation 
is large in most benchmark models       
(for a typical 10 GeV WIMP, comparable 
to total flux observed in inner 1°) 

! To separate dark matter annihilation 
products from backgrounds, we must 
focus on the distinct observational 
features of these components  
 
 

 

Dark Matter In The Galactic 
Center Region With Fermi 

The characteristics of a signal from dark 
matter annihilations: 
 
 
 
 
 

1) Distinctive �bump-like� spectral feature 

 
2) Signal highly concentrated around the 
Galactic Center (but not entirely point-like); 
precise morphology determined by dark 
matter distributution 
 
 
 

 

Dan Hooper’s talk at Dark Matter 2012 conference
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The Distribution of Dark Matter in the 
Inner Milky Way 

 
 
 
 

 

! Dark matter only simulations (Via Lactea, etc.) yield halos which possess 
inner profiles of ρ α r -γ  where γ=1.0 to 1.2  

! The inner volume (~10 kpc) of the Milky Way is dominated by baryons, not 
dark matter – significant departures from dark matter only results should be 
expected 
 

! For years, an active debate has taken place      
in the literature over the question of how the           
baryons alter the profiles of dark matter halos 

! Existing microlensing and dynamical data                  
are not capable of determining the inner                            
slope, although γ~1.3 provides the best fit   
 
 
 

 

 
 
 
 

 

10

v0�230 km ⇤s, R0�8.0 kpc
NFW, rs�20 kpc

model 5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.5

1.0

1.5

2.0

⇤0 �GeV⇤cm3⇥
⇥

v0�230 km ⇤s, R0�8.0 kpc
Einasto, rs�20 kpcmodel 5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.1

0.2

0.3

0.4

0.5

⇤0 �GeV⇤cm3⇥

⇥

FIG. 5: Constraints on the Dark Matter distribution parameters ⇥0 and � for a generalised NFW (left) and an Einasto (right)
profile using the baryonic model 5. The thick dot-dashed curve is the 2⇤ constraint already shown in Figure 3, while the
contours show the parameter space producing a good fit to the rotation curve (�⌅2 = 2.30, 6.18) with the best-fit configuration
indicated by the cross. The shadowed rectangle encompasses the ranges of profile slopes found in numerical simulations and the
values of ⇥0 found in the recent literature (see Section II), while the red filled circle in the left frame marks the parameter set
(⇥0 = 0.4 GeV/cm3,� = 1.0) used to produce Figure 2. The empty up-triangle, circle and down-triangle in the left frame show
the local density and shape of the DM profile upon adiabatic contraction of the initial profile indicated by the corresponding
filled symbols. The adiabatic contraction was applied using model 5 to fix the baryonic distribution Mb(< r), that entails
fb = 5.2%, 4.0%, 3.0% for the up-triangle, circle and down-triangle, respectively. In both frames we have fixed rs = 20 kpc,
R0 = 8.0 kpc and v0 = 230 km/s.

5 for the baryonic component, we have contracted the
initial profiles indicated in Figure 5 (left) by the filled
up-triangle, circle and down-triangle with fb = Mb(<
200 kpc)/Mtot(< 200 kpc) = 5.2%, 4.0%, 3.0%, respec-
tively. The final DM profile turns out to be well fitted by
a generalised NFW function with parameters marked by
the empty symbols in the same Figure (the contracted
profile corresponding to the filled circle is indicated by
the red long-dashed line in the bottom right frame of
Figure 2). In particular, we find enhanced local DM den-
sities and slopes � ⇥ 1.6 � 1.7, which are slightly above
the value � = 1.5 found elsewhere [73] (see also refer-
ences therein) but note that we are using the original
adiabatic contraction model [57] and not one of its refine-
ments [58, 59]. Although our analysis cannot rule out the
presence of adiabatically compressed profiles since they
depend on the initial total mass distribution and on the
specific baryonic model adopted, it definitely allows us to
claim that if the present-day DM profile is steeply rising
towards the centre, then the local DM density must be
small. For the specific case of � = 1.5 (1.7) we find an
1⇤ range ⇥0 ⇥ 0.25� 0.35 (0.22� 0.30) GeV/cm3. Some
of the extreme models discussed in the literature, e.g. in
the context of indirect DM searches [73, 74], are therefore
found to be ruled out by a combination of microlensing
and dynamical observations.

VI. CONCLUSIONS

We have studied the constraints that microlensing and
dynamical observations can set on the distribution of
Dark Matter in the Galaxy, keeping into account all
experimental uncertainties. Starting from state-of-the-
art models for the galactic baryonic component, we have
rescaled them to match the observed microlensing optical
depth towards the galactic bulge, and compared the re-
sulting rotation curve with the one inferred from terminal
velocities of gas clouds and other kinematical probes.

This allowed us to revisit the compatibility of di⇥erent
observational probes with the results that emerge from
numerical simulation in �CDM cosmologies. We have
followed two di⇥erent approaches. In the first one, we
have set conservative upper limits on the Dark Matter
local density and profile shape towards the centre of the
Galaxy, working with generalised NFW and Einasto pro-
files. The fiducial parameters usually adopted in the lit-
erature for both profiles have been found to be safely
within the allowed regions set by our analysis, contrary
to earlier claims of inconsistency between observations
and cuspy Dark Matter profiles.

In our second approach, we focussed on the only bary-
onic model among those discussed here that also contains

γ 

Iocco, Pato, Bertone, Jetzer, 
arXiv:1107.5810 
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The Distribution of Dark Matter in the 
Inner Milky Way 

 
 
 
 

 

 

! Recently, state-of-the-art hydrodynamical simulations carried out by several 
different groups, running different codes, have begun to converge in favor of a 
moderate degree of contraction in Milky Way-like halos, typically steepening the 
inner slope γ from ~1.0 to ~1.2-1.5 
 

! Such simulations include rapid supernova winds, cold accretion, galactic bars, 
inspiraling of dense baryonic clumps by dynamical friction, etc., but consistently  
find that baryonic contraction dominates over these effects HALO CONTRACTION EFFECT 7

dm-ad

dm-sf

bar-ad

bar-sf

FIG. 5.— Contraction of the dark matter profile in a simulated galaxy at
z = 3, from Levine et al. (2008). Line notation is the same as in Figure 3.
Black solid line is the best-fit MAC model with A0 = 1.32, w = 1.26. Vertical
bars on the MAC model in the top panel indicate the Poisson uncertainty of
the mass profile derived in the simulation. Dashed line in top panel shows the
MAC model prediction with fixed A0 = 1.6, and best-fitting w = 1.26.

1.3× 106M! and the peak force resolution at z = 3 is 0.064
kpc for the gas and 0.1 kpc for the dark matter, a very small
scale for cosmological simulations. We truncate the inner pro-
file such that the innermost bin contains at least 200 dark mat-
ter particles.
Figure 5 shows that the MACmodel is able to describe even

this case, with the rms deviation of 10%. This case is extreme
because the baryons dominate the dark matter by two orders
of magnitude at the innermost radius, and the dark matter
mass is enhanced by a factor of 300 relative to the extrapo-
lation of the dissipationless profile.
We also note that the stellar profile is contracted similarly

to the dark mater profile, because gas accretion is faster than
star formation.

5. DISTRIBUTION OF MODEL PARAMETERS
All of the simulations considered here indicate some de-

gree of enhancement of the dark matter profile. Not a single
case indicates halo expansion rather than contraction. Fig-
ure 6 combines the resulting constraints on the parameters A
and w of Equation (3). The models do not fill all the available
parameter space, but instead concentrate in a fairly narrow re-
gion in which A and w are strongly correlated. The original
MAC model suggested by Gnedin et al. (2004) falls right in
the middle of the new distribution.
It is interesting to determine which combination of the pa-

rameters A and w yields the same amount of contraction.
Given the radial dependence of the mass enhancement fac-
tor FM (Equation 7), the solution to this problem varies with
radius. However, we can remove most of the radial depen-
dence by defining the enhancement factor relative to the SAC

1
0.5

0.3

FIG. 6.— Best-fitting parameters of the original MAC model (Equation 3)
for all simulations discussed in this paper. Asterisk marks the fiducial param-
eters of the MAC model in Gnedin et al. (2004). Solid lines show the relation
between A and w that gives the same amount of contraction (enhancement
of dark matter mass) at r = 0.005 rvir , for the baryon profile with ν = 2 nor-
malized to equal the initial dark matter mass at re = 0.05 rvir. The top line
gives the same amount of contraction as the SAC model. The other two lines
correspond to 50% and 30% of that amount.

1 0.5 0.3

FIG. 7.— Best-fitting parameters of the revised MAC model with r0 =
0.03 rvir (Equation 4). Symbols and lines are as in Figure 6.

model:
fM ≡

FM(r|A,w)
FM(r|1,1)

(12)

and evaluating it at some inner radius where the linear ap-
proximation for the contraction factor y(r) is valid. We take
r = 0.005rvir, which corresponds to about 1 kpc for the Milky
Way galaxy. The exact value of r affects the resulting value
of parameter w (for a given A) only logarithmically, as long as

D. Nagai (2006) 
Gottloeber et al. (2010) 

Levine et al. (2008) 
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FIG. 3.— Contraction of the dark matter profile in a simulated group of
galaxies at z = 0, from Nagai (2006). Solid lines show the enclosed dark
matter mass profile, in the non-radiative (ad) run and star formation (sf) run.
Dotted lines show the corresponding baryon mass profiles. Black solid line
is the best fit of the MAC model, with parameters A0 = 1.61, w = 0.86. Top
panel shows the mass residuals for the MAC model with freely adjustable A0
(solid) and the MAC model with fixed A0 = 1.6 (dashed). In this plot the two
lines almost coincide.

Kravtsov, Klypin, & Hoffman 2002). The simulations have
a peak spatial resolution∆ = 3.5 kpc and dark matter particle
mass of 3.9× 108M!. The virial mass of the systems ranges
from 2× 1013M! to 4× 1014M!. Star formation is imple-
mented using the standard Kennicutt’s law and is allowed to
proceed in regions with temperature T < 104 K and gas den-
sity ng > 0.1 cm−3. We truncate the inner profiles at 4∆ to
ensure that the gravitational dynamics is calculated correctly
in the studied region.
Figure 3 shows the mass profiles for one of the groups. The

dark matter mass is significantly enhanced in the star forma-
tion run relative to the non-radiative run, by a factor of 4 at
the innermost resolved radius. The baryons strongly domi-
nate the total mass at that point. The MAC model provides
an excellent fit to the contracted dark matter profile, with the
parameters (A0 = 1.61, w = 0.86) close to the fiducial values.
The maximum deviation of the mass profile predicted by the
MACmodel is 6%, and the rms deviation over all bins at radii
r < 0.1rvir is 3%. We similarly analyzed the other eleven
groups and present their best-fit parameters in the discussion
of Figure 6.

4.2. Individual Galaxies
We consider the simulation of three Milky Way-sized

galaxies by the CLUES project (http://www.clues-project.org;
Gottloeber et al. 2010; Knebe et al. 2010). The simulation is
run using the SPH code Gadget-2. This code includes stan-
dard radiative cooling, star formation, and supernova feed-
back. The force softening length ε = 0.14 kpc. The halos were
selected from a large box and resimulated with the effective
mass resolution of 40963 dark matter particles. In the highest-
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FIG. 4.— Contraction of the dark matter profile in a simulated galaxy at
z = 0, from Gottloeber et al. (2010). Line notation is the same as in Figure 3.
Black solid line is the best-fit MAC model with A0 = 1.79, w = 1.2. Dashed
line in top panel shows the MAC model prediction with fixed A0 = 1.6, and
best-fitting w = 1.07.

resolution halos the particle mass is 3.5× 105M!. The virial
masses of the three halos at z = 0 are (3− 8)× 1011 M!. The
inner truncation radius is set by the condition that the local
two-body relaxation time exceeds the age of the universe.
Figure 4 shows the profile of the most massive of the three

galaxies. The dark matter mass is enhanced by an order of
magnitude at the innermost radius. The MAC model with pa-
rameters (A0 = 1.79, w = 1.2) predicts the dark matter profile
to better than 4% accuracy in any bin, with the rms deviation
of only 1.4%.
We consider also the simulations of a Milky Way-sized

galaxy and a dwarf galaxy at z = 1 by Ceverino & Klypin
(2009). These simulations are run with the ART code with
a very different prescription for stellar feedback than in Nagai
(2006). The large galaxy mass is 8× 1011M!, the dwarf
galaxy mass is 5× 1010M!, both at z = 1. The dark matter
particle mass is 7.5×105M! and the peak spatial resolution is
100 comoving pc for the larger galaxy. For the smaller galaxy,
the dark matter particle mass is 9.4× 104M! and the peak
resolution is 50 comoving pc. Compared to the non-radiative
runs, the dark matter mass is enhanced by a factor of 8 for
the larger galaxy and by a factor of 5 for the smaller galaxy,
at the innermost radius. The MAC model (with parameters
A0 = 2.07, w = 0.64 and A0 = 2.92, w = 0.85, respectively) pre-
dicts the dark matter profile to better than 9% accuracy, with
the rms deviation of about 2%.

4.3. Galaxy Center
Finally, we consider the resimulation of the galaxy run re-

ported in Gnedin et al. (2004) that zooms into the innermost
region of the galaxy at z = 3 (Levine et al. 2008). This sim-
ulation follows the early evolution of a galaxy that becomes
a Milky Way-sized object at z = 0. The DM particle mass is
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masses of the three halos at z = 0 are (3− 8)× 1011 M!. The
inner truncation radius is set by the condition that the local
two-body relaxation time exceeds the age of the universe.
Figure 4 shows the profile of the most massive of the three

galaxies. The dark matter mass is enhanced by an order of
magnitude at the innermost radius. The MAC model with pa-
rameters (A0 = 1.79, w = 1.2) predicts the dark matter profile
to better than 4% accuracy in any bin, with the rms deviation
of only 1.4%.
We consider also the simulations of a Milky Way-sized

galaxy and a dwarf galaxy at z = 1 by Ceverino & Klypin
(2009). These simulations are run with the ART code with
a very different prescription for stellar feedback than in Nagai
(2006). The large galaxy mass is 8× 1011M!, the dwarf
galaxy mass is 5× 1010M!, both at z = 1. The dark matter
particle mass is 7.5×105M! and the peak spatial resolution is
100 comoving pc for the larger galaxy. For the smaller galaxy,
the dark matter particle mass is 9.4× 104M! and the peak
resolution is 50 comoving pc. Compared to the non-radiative
runs, the dark matter mass is enhanced by a factor of 8 for
the larger galaxy and by a factor of 5 for the smaller galaxy,
at the innermost radius. The MAC model (with parameters
A0 = 2.07, w = 0.64 and A0 = 2.92, w = 0.85, respectively) pre-
dicts the dark matter profile to better than 9% accuracy, with
the rms deviation of about 2%.

4.3. Galaxy Center
Finally, we consider the resimulation of the galaxy run re-

ported in Gnedin et al. (2004) that zooms into the innermost
region of the galaxy at z = 3 (Levine et al. 2008). This sim-
ulation follows the early evolution of a galaxy that becomes
a Milky Way-sized object at z = 0. The DM particle mass is

(Gnedin, et al. arXiv:1108.5736) 
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A Simple (but effective) Approach To 
The Galactic Center 

1) Start with raw map (smeared over 0.5° circles) 
2) Subtract known point sources (Fermi 2nd point source catalog) 
3) Subtract line-of-sight gas density template (empirical, good match to 21 cm) 
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A Simple (but effective) Approach To 
The Galactic Center 

 
 
 
 

 

! This method removes ~90% 
of emission in the inner galaxy 
(outside of the innermost few 
degrees) 

! Typical residuals are ~5% or 
less as bright as the inner 
residual – spatial variations in 
backgrounds are of only 
modest importance   

! Clearly isolates the emission 
associated with the inner 
source or sources 
(supermassive black hole? 
dark matter?), along with a 
subdominant component of  
“ridge” emission 
 

 
 
 
 

 

Hooper and Linden, PRD, arXiv:1110.0006  
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Characteristics of the Observed 
Gamma ray Residual 

 
 
 
 

 

 
1) The spectrum peaks between                  
~300 MeV and ~10 GeV 
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The Dark Matter Interpretation 
! The spectral shape of the excess           
can be well fit by a dark matter                   
particle with a mass in the range of                  
7 to 12 GeV (similar to that required                         
by CoGeNT, DAMA, and CRESST),       
annihilating primarily to !+!-                   
(possibly among other leptons) 
 
! The angular distribution of the        
signal is well fit by a halo profile with  
!(r) ~ r -!, with ! ~ 1.25 to 1.4             
(in good agreement with expectations from simulations) 
 
! The normalization of the signal requires the dark matter to have an annihilation 
cross section within a factor of a few of the value predicted for a simple thermal 
relic (!v ~ 3x10-26 cm3/s) 

 

 

 

 

 
 
 
 

 

Hooper and Linden, PRD, arXiv:1110.0006  
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Astrophysical Interpretations? 
Unresolved Point Sources? 
 

Perhaps a population of several/many unresolved points sources 
distributed throughout the inner tens of parsecs of the Milky Way could 
produce the observed signal - millisecond pulsars, for example 

-Much has been made of the qualitative similarity with the spectra of gamma 
ray pulsars, but in actuality very few of the pulsars observed by Fermi are 
compatible (the average spectrum is clearly incompatible); perhaps a 
somewhat different population or class of pulsars could be responsible? 
 

-Why is the signal so concentrated (why so many in the inner 20 pc, and so 
few at 100 pc?); the signal (F α r -2.5) is much more steeply cusped than the 
observed stellar distribution (nstar α r -1.25) 
 

-With typical pulsar kicks of 250-500 km/s, millisecond pulsars should 
escape the inner region of the galaxy, and be distributed no more steeply 
than r -2 (assuming that none are created outside of the inner tens of 
parsecs)  
 
 

 

 

 
 
 
 

 

Abazajian, JCAP, arXiv:1011.4275,  
Hooper, Goodenough PLB 2010,  
Hooper, Linden PRD 2011 
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Extended Gamma Ray Emission 
From Galaxy Clusters 

Han, Frenk, Eke, Gao, White, arXiv:1201.1003  
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component with free normalization is included and is even lower when the CR level is fixed either

to the fiducial or the optimal levels. There is a general trend for the significance to peak in the mass

range 20−60 GeV for all three clusters. This is consistent with the conclusion of Hooper & Linden

(2011), who claim that a DM model with particle mass in the range 25− 45 GeV annihilating into

bb̄ final states can explain the excess extended emission observed from the direction of the Galactic

center.
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To facilitate comparison between all different model families and assess the significance of a

CR component, we show the maximum likelihood values for each model of the Virgo cluster in

Figure 5. As seen in the TS curves, the likelihood for the extended model is always higher than

that for the point source model. For the most likely mass range, 20 ∼ 60 GeV, the No-CR and

Free-CR models with extended DM emission share the highest likelihood, with the No-CR model

being superior by having one fewer parameter. Actually there is effectively no contribution from

CR when CR and DM are fitted simultaneously for this particle mass range, and the fiducial and

optimal CR levels are above the 95% CR upper limit predicted from the Free-CR model in the
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Mass range 
favored by GC 

 
! The regions of the Virgo, Fornax, and Coma 
clusters were recently studied, using the first 
three years of Fermi data 
! In contrast to (hadronic) cosmic ray induced 
backgrounds, dark matter annihilations are 
predicted to produce a significantly extended 
pattern of emission 
 

! Highest significance signal      
is found from Virgo (4.4σ);                
2.3 and 2.1σ for others 
! Can be fit by dark matter             
annihilations with same mass,                     
channels, and cross section                 
required by the Galactic Center 
 

! Preferred over vanilla cosmic                    
ray interpretation at ~3σ 
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Axion Physics in a Nutshell
Why axions?  QCD with mquarks ≠ 0 violates CP and therefore T due 
to instantons, unless an undetermined parameter θ is very small – or 
the axion field absorbs the CP-violating phase.  If this CP violation 
isn’t avoided, the neutron gets an electric dipole moment 1010 times 
larger than the experimental upper bound!

SN87A        RED GIANTS            ACCEL. EXPTS

When the temperature T drops to T ~ fa , the axion field gets a vacuum 
expectation value fa eiθ , and then when T drops to ΛQCD ~ 100 MeV 
QCD causes the axion to get mass ma and density ρa ∝ 1/ma .

What? Axions are never relativistic, so there is no free streaming to 
erase fluctuations in their density.  So they behave like Cold Dark 
Matter.

mπfπ
  ≈  mafawindow implies that fa = 109 – 1012 GeV

Ωm > 1
ma < 10−6 eV 10−2 eV                         100 keV
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Axion Physics in a Nutshell
Particle-Physics Motivation

 CP conservation in QCD by
 Peccei-Quinn mechanism

 For  fa >> fπ  axions are “invisible”

 and very light

 → Axions  a ~ π0

      mπfπ
  ≈  mafa

γ

γ
a

Cosmology

Cosmic
String

 In spite of small mass, axions
 are born non-relativistically
 (“non-thermal relics”)

 → “Cold dark matter”
      candidate 

      ma ~ 1-1000 µeV

Solar and Stellar Axions

 Axions thermally produced in stars,
 e.g. by Primakoff production

• No excessive energy drain:

   ma < 10 meV

• Search for solar axions (CAST) 

Search for Axion Dark Matter

S

N

γa

Bext

                       Microwave resonator
                       (1 GHz = 4 µeV)

                       Primakoff
                       conversion
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Experimental Search for Axions

Power

Frequency ma

Axion Signal

Thermal noise of 
cavity & detector

Power of galactic axion signal

 Microwave Energies
 (1 GHz ≈ 4 µeV)

 DM axions
 Velocities in galaxy
 Energies therefore

ma = 10-3000 µeV

va  ≈ 10−3 c

Ea ≈ (1 ± 10−6) ma
Axion Haloscope (Sikivie 1983)

Bext ≈ 8 Tesla

Microwave 
Resonator
Q ≈ 105

Primakoff Conversion

γa

Bext

Cavity
overcomes
momentum
mismatch

2 Experiments in Operation
• Axion Dark Matter Experiment
  (ADMX), Livermore, US
• CARRACK II, Kyoto, Japan
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AXION search

The diagram at right shows the 
layout of the axion search 

experiment now underway at the 
Lawrence Livermore National 
Laboratory.  Axions would be 

detected as extra photons in the 
Microwave Cavity.

An improved version of this  
experiment is moving to the 
University of Washington.
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The Strong CP Problem. The standard SU(3) theory of the Strong force violates CP conservation, for 
example predicting that the neutron has an electric dipole moment 108 times bigger than the current 
upper limit,  unless an uncalculable parameter is very small. The only elegant solution to this "Strong 
CP Problem" involves a new particle that interacts so weakly that it has never been detected before. 
This particle is the Axion. Fortunately this particle would interact with other particles just enough that if 
you went looking for it very carefully, you might be able to find it.

AXION search

The Axion DM Experiment (ADMX) is 
designed to look into only a slice of the 
allowed mass range. The reason it's 
only a slice and not the whole range is 
simply due to the equipment. The 
frequency that is scanned by ADMX 
depends on the tuning rods and the 
resonant cavity. Making the apparatus 
able to scan a larger frequency range 
would have cost more and made the 
apparatus bigger, which makes cooling 
and transportation harder, among other 
things.  As to why it is that particular 
slice, it's because it's the most 
convenient one to look in. There's no 
significant reason to believe that the 
Axion would be more likely to be in any 
particular range, so this one was chosen 
based on it being easiest to scan with 
current technology.

Phase 1 Phase 2 sensitivity 
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