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Introduction



Nonbaryonic dark matter

• Many observations indicate presence of nonbaryonic dark matter

• Galaxy rotation curves, galaxy clusters, gravitational lensing, 
CMB anisotropy, etc.

• ~80% of total matter in the Universe

Non-Baryonic Dark Matter: Observational Evidence and Detection Methods 24

Figure 4. Observed H I rotation curve of the nearby dwarf spiral galaxy M33 (adapted
from [74]), superimposed on an optical image [75]. The dashed line shows the estimated
contribution to the rotation curve from the luminous stellar disk [74]. There is also a
smaller contribution from gas (not shown).

rotation curve from the luminous disk computed in [74]. (There is at large radii also

a small contribution from the gas mass, not shown in the Figure.) As can be seen,

the rotation curve is rising well beyond the point where Newtonian dynamics based on

only the luminous mass would predict a decline. Since the curve continues to rise at

the last measured points, only a lower limit to the mass of the dark halo can be given,

M ∼> 5 · 1010 M!, more than 10 times the mass in stars and gas. It is noted in [74] that
an NFW profile in fact fits the rotation curve quite well but the central concentration

is lower than that predicted by an ΩM = 1 universe, perhaps indicating again the need

to decrease the matter density (while allowing a cosmological constant to give a flat

large-scale geometry).

7. Models for non-baryonic dark matter

Given that the total mass density of the universe seems to be higher than what is

allowed by big bang nucleosynthesis for baryons alone, an important task of cosmology

and particle physics is to produce viable non-baryonic candidates and to indicate how

Bergstrom, Rep. Prog. Phys. 63, 793 (2000) Bullet cluster (1E0657-56)



Ωχh2 � 3× 10−27 cm3 s−1

�σannv�
�σannv� ∼ α2(100 GeV)−2

∼ 3× 10−26 cm3 s−1

Identity: WIMP?

• Weakly Interacting Massive 
Particle (WIMP)

• WIMP with weak-scale 
interactions naturally explains 
the relic density

• E.g., supersymmetric 
neutralino

Jungman, Kamionkowski, Griest, Phys. 
Rep. 267, 195 (1996); Bertone, Hooper, 
Silk, Phys. Rep. 405, 279 (2005)



Dark matter annihilation

• WIMPs may annihilate into standard model particles (photons, 
positrons, neutrinos, etc.)

• Energy of product particles is fractions of WIMP mass (E ~ GeV–TeV)

• High-energy detectors are necessary

• Ongoing projects

• Fermi, ACTs (γ, e±)

• PAMELA, ATIC (e±)

• IceCube, ANTARES (ν)
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Fermi Gamma-Ray Space Telescope

• Launched in summer 2008

• Collect photons from all sources in the entire sky

• Sensitive to photons between ~20 MeV and 300 GeV

• Angular resolution gets sub-degree for > 1 GeV

Large Area Telescope (LAT)
Pre-launch PSF (P6_v3)



Where to look for annihilation signature

• Galactic center

• Galactic smooth halo component

• Nearby dwarf galaxies (substructure)

• Galaxy clusters

• Diffuse gamma-ray background
Contributions from both Galactic subhalos and large-scale structure

Dark matter substructure seen by simulations
e.g., Diemand, Kuhlen, Madau, Astrophys. J. 657, 262 (2007)



Search for dark matter in dwarf galaxies

• No detection so far, constraining <σv> < 10−25 cm3 s−1, but starting to 
constrain some SUSY parameters

Fermi-LAT, Abdo et al., Astrophys. J. 712, 147 (2010)
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Fig. 2.— Derived upper limits on fluxes for all selected dwarfs and for various branching ratios: 100% bb̄
(upper left), 100% τ+τ− (upper right) and mixed 80% bb̄ + 20%τ+τ− (lower left) final state. Lower right
plot gives an illustration of how the upper limits on the fluxes can change depending on the selected final
state (here for the Ursa Minor dSph).
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Fig. 3.— mSUGRA (upper left), MSSM (upper right), Kaluza-Klein UED (lower left) and Anomaly me-
diated (lower right) models in the (mwimp,< σv >) plane. All mSUGRA and MSSM plotted models are
consistent with all accelerator constraints and red points have a neutralino thermal relic abundance corre-
sponding to the inferred cosmological dark matter density (blue points have a lower thermal relic density,
and we assume that neutralinos still comprise all of the dark matter in virtue of additional non-thermal pro-
duction processes). The lines indicate the Fermi 95% upper limits obtained from likelihood analysis on the
selected dwarfs given in Table 4.

– 6 –

Table 1. Properties of the dwarf spheroidals used in this study.

Name Distance year of M1/2/L1/2 l b Ref.
(kpc) discovery ref. 8

Ursa Major II 30± 5 2006 4000+3700
−2100 152.46 37.44 1,2

Segue 2 35 2009 650 149.4 -38.01 3
Willman 1 38± 7 2004 770+930

−440 158.57 56.78 1
Coma Berenices 44± 4 2006 1100+800

−500 241.9 83.6 1,2
Bootes II 46 2007 18000?? 353.69 68.87 6,7
Bootes I 62±3 2006 1700+1400

−700 358.08 69.62 6
Ursa Minor 66± 3 1954 290+140

−90 104.95 44.80 4,5
Sculptor 79± 4 1937 18+6

−5 287.15 -83.16 4,5
Draco 76± 5 1954 200+80

−60 86.37 34.72 4,5,9
Sextans 86± 4 1990 120+40

−35 243.4 42.2 4,5
Ursa Major I 97±4 2005 1800+1300

−700 159.43 54.41 6
Hercules 132±12 2006 1400+1200

−700 28.73 36.87 6
Fornax 138± 8 1938 8.7+2.8

−2.3 237.1 -65.7 4,5
Leo IV 160±15 2006 260+1000

−200 265.44 56.51 6

Note. — M1/2/L1/2 is the ratio of the total mass within the 3D half-light radius to the
stellar luminosity within the same radius from Wolf et al. (2009). The problematic re-
sult for Bootes II is further discussed in the text. Uncertainties in the determination of
this mass-to-light ratio (unavailable for Bootes II and Segue 2) arise from the errors in
both M1/2 and L1/2, but they do not change the qualitative conclusion that these dSphs
are dark matter dominated even within their stellar extent. References: (1) Strigari et al.
(2008), (2) Simon & Geha (2007), (3) Belokurov et al. (2009), (4) Peñarrubia et al. (2008),
(5) Mateo (1998), (6) Martin et al. (2008), (7) Koch et al. (2009) (8) Wolf et al. (2009) (9)
Bonanos et al. (2004)



Plan of this talk

• Gamma rays from dark-matter annihilation from 
galaxy clusters

• Angular power spectrum of the gamma-ray 
background from dark matter annihilation

Ando, Komatsu, Phys. Rev. D 73, 023521 (2006) 
Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)
Ando, Phys. Rev. D 80, 023520 (2009)



Vernieuwingsimpuls/Innovational Research Incentives Scheme  
Grant application form 2011  Vidi scheme 
Please refer to Explanatory Notes when completing this form 
 
 

 

2. Methodology and Research Plan 

To achieve the goal of revealing dark matter through annihilation, I propose four different approaches: (a) 
theoretical modeling of gamma-ray and neutrino productions for individual dark-matter sources; (b) theoretical 
predictions of contributions to the diffuse gamma-ray background from dark-matter annihilation; (c) study of 
astrophysical sources and processes; and (d) analysis of public data from Fermi-LAT. 

2a) Gamma-ray and neutrino production for individual sources 

Specific Aim: Providing theoretical templates of dark-matter signal for individual sources by developing 
semi-analytic models to address the effect of substructures. 

There are a number of promising regions for annihilation signals both in and out of the Galaxy, including 
clusters of galaxies (Jeltema et al. 2009; Ackermann et al. 2010b) and dwarf spheroidal galaxies (Strigari et al. 
2008; Abdo et al. 2010). For all the potential sources, the effects of subhalos are extremely important (e.g., 
Pinzke et al. 2011; Gao et al. 2011). The numerical simulations, however, will not be sufficient, because the 
expected minimum subhalo mass goes down to Earth-mass scale for neutralino-like dark matter, whereas the 
current resolution limit is still many orders magnitude larger; it will improve in the future but not rapidly enough. 
Therefore, one very important goal here is to develop semi-analytic models that describe properties of 
substructures such as mass function, and provide theoretical predictions for gamma-ray fluxes based on those 
models. By taking advantage of my expertise in cosmology, I will discuss behaviors of dark-matter particles in 
the early and late Universe, and systematically understand consequent evolutions of subhalos. For consistency, I 
will also compare the results with those of numerical simulations at scales larger than resolution limits. There is 
another interesting effect: baryon contraction toward the center of halos, which enhances dark-matter density 
toward the halo center as a result of energy loss of baryons. It was revisited very recently (Gnedin et al. 2011), 
and I will therefore study implications of this effect, especially for galaxy clusters. 

Neutrinos are also expected from dark-matter annihilation, but in general they are much harder to detect. 
However, if sources are optically thick, only neutrinos can escape. Examples are Earth and Sun, where dark-

Figure 1: The dark matter density field on various scales. Each individual image shows the projected
dark matter density field in a slab of thickness 15h−1Mpc (sliced from the periodic simulation volume
at an angle chosen to avoid replicating structures in the lower two images), colour-coded by density
and local dark matter velocity dispersion. The zoom sequence displays consecutive enlargements by
factors of four, centred on one of the many galaxy cluster halos present in the simulation.

5

Gamma rays from dark matter 
annihilation in galaxy clusters

Work in progress with 
E. Komatsu & D. Nagai



Galaxy clusters

• The largest virialized dark-matter structure

• The largest number of dark-matter particles

• The largest rate of annihilation

• Density profile well represented by NFW

• Abundance of subhalos not well known yet



What we do

• Theory

• Estimate of gamma-ray flux for 49 large nearby clusters

• Using the latest models of clusters and halos (e.g., mass-concentration 
relation)

• Analysis

• 2.8 years of Fermi-LAT data (cf., 11-month data in previous LAT paper)

• Use updated models of diffuse backgrounds and sources

• Analyze 49 clusters (cf., 7 clusters analyzed so far)

• Improve upper limits on cross section with stacking analysis



Dark matter annihilation in galaxy clusters

• Depends on three factors

• Particle physics: annihilation cross section and dark-matter 
mass; depends on SUSY models, etc.

• Astrophysics: density profile and subhalos

• Cosmological redshift: straightforward if redshift is measured

Iγ(θ, E) =
1
4π

1
(1 + z)2

�σv�
2m2

χ

dNγ((1 + z)E)
dE

�
dl ρ2(r(l, θ))

Gamma-ray intensity from annihilation

Astrophysical factor
Particle-physics factor

((1 + z)E

Cosmological redshift



Mass and annihilation cross section

• Mass of WIMP (neutralino) is 
typically tens of GeV to TeV

• To thermally produce dark 
matter with correct 
abundance, the cross section 
will be <σv> ~ 3x10−26 cm3/s
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Fig. 3.— mSUGRA (upper left), MSSM (upper right), Kaluza-Klein UED (lower left) and Anomaly me-
diated (lower right) models in the (mwimp,< σv >) plane. All mSUGRA and MSSM plotted models are
consistent with all accelerator constraints and red points have a neutralino thermal relic abundance corre-
sponding to the inferred cosmological dark matter density (blue points have a lower thermal relic density,
and we assume that neutralinos still comprise all of the dark matter in virtue of additional non-thermal pro-
duction processes). The lines indicate the Fermi 95% upper limits obtained from likelihood analysis on the
selected dwarfs given in Table 4.



Annihilation channel and gamma-ray yields

• Annihilation channel depends on 
what the neutralino is (i.e., mainly 
gaugino or higgsino)

• Here, we treat three annihilation 
channels phenomenologically

• Gamma rays from both hadronic 
decays and internal 
bremsstrahlung are included



• Numerical simulations 
imply universal form of 
density profile: NFW

• ρ ~ r−1 for small radii, and 
ρ ~ r−3 for large radii

• NFW profile is confirmed 
with lensing observations

Astrophysical factor: density profile

Umetsu et al. 7

FIG. 1.— Top: the average projected mass profile Σ(R) (filled squares) with its statistical 1σ uncertainty as a function of the projected radius R, which is
obtained by stacking individual full mass profiles (thin gray lines) of four high-mass clusters (A1689, A1703, A370, and Cl0024+17 with Mvir > 1015M! at
〈zl〉 = 0.32) derived from Hubble strong lensing (R <

∼ 150 kpc h!1) and Subaru weak lensing (R >
∼ 150kpc h!1) measurements. The stacked mass profile exhibits

clear continuous steepening over a wide range of radii, from R = 40kpc h!1 to 2800kpc h!1 ≈ 1.4rvir, which is well described by a single NFW profile (solid
line). The dashed line shows the contribution to the variance from uncorrelated large scale structure projected along the line of sight. Bottom: the logarithmic
slope of the stacked mass profile (open squares with error bars), d ln〈Σ〉/d lnR, is shown as a function of projected radius along with the NFW model (solid line)
shown in the top panel. The projected logarithmic slope shows a clear continuous steepening with increasing radius, consistent with the NFW model.

smoothing from cluster miscentering effects (Johnston et al.
2007), where the typical offset between the BCG and the dark
matter center is estimated as d <

∼ 20kpch!1 for our sample
from our detailed strong-lens modeling (see Section 3.3). The
stacked full mass profile is detected at a high significance level
of 58σ over the entire clusters. It is found here that ignor-
ing the cosmic noise contribution will underestimate the er-
rors by ∼ 30%–40%. This is due to the correlation of this
noise between radial bins and can only be reduced by averag-
ing over independent lines of sight, with uncorrelated line of
sight structures, i.e. by averaging over well separated clusters.
Our stacked projected mass profile with a continuously

steepening radial trend is very accurately described by the
NFW form predicted for the family of CDM-dominated ha-
los, whereas it strongly disfavors the SIS model at 62σ signif-
icance. In the context of an assumed gNFW profile, the cen-
tral cusp slope is constrained as α = 0.89+0.27!0.39 (Figure 2), being
slightly shallower than, but consistent with, the simple NFW
form with α = 1 (cf. Navarro et al. 2010). Note NFW define
this profile for halos which they identify as in virial equilib-
rium, in terms of the simulated CDM particles (see Section
2.2.2 of Navarro et al. 1997). The clusters we have selected

for our stacked analysis are, in terms of their lensing proper-
ties, very well behavedwith at most only∼ 10% perturbations
in mass visible locally in the two-dimensional mass distribu-
tion, and otherwise very symmetric over most of the radius
(Broadhurst et al. 2005a,b, 2008; Umetsu et al. 2010). De-
tailed hydrodynamical simulations show that equilibrium is
relatively rapidly achieved in only a few sound crossing times
after a major merger, though some dynamical and gas disrup-
tion may continue for over a Gyr. This is not important in
terms of the central relaxation time of the dark matter (Ricker
& Sarazin 2001; Umetsu et al. 2010).
Recently Woo & Chiueh (2009) examined in detail an ex-

tremely light bosonic dark matter (ELBDM) model (m ∼
1022 eV) as an alternative to CDM in the context of nonlinear
cosmic structure formation. ELBDMwith a de-Broglie wave-
length of astronomical length scales, if it exists, may well be
in a ground-state Bose-Einstein condensate and hence well
described by a coherent wave function, which may naturally
account for the perceived lack of small galaxies relative to the
ΛCDM model (Klypin et al. 1999; Peebles & Nusser 2010).
Woo & Chiueh (2009) showed that, irrespective of whether
halos form through accretion or merger, ELBDM halos can

Umetsu et al., Astrophys. J. 738, 41 (2011)

ρ =
ρs

(r/rs)(r/rs + 1)2



Umetsu et al. 7

FIG. 1.— Top: the average projected mass profile Σ(R) (filled squares) with its statistical 1σ uncertainty as a function of the projected radius R, which is
obtained by stacking individual full mass profiles (thin gray lines) of four high-mass clusters (A1689, A1703, A370, and Cl0024+17 with Mvir � 1015M! at
〈zl〉 = 0� 32) derived from Hubble strong lensing (R �

∼ 150 kpc h!1) and Subaru weak lensing (R �
∼ 150kpc h!1) measurements. The stacked mass profile exhibits

clear continuous steepening over a wide range of radii, from R = 40kpc h!1 to 2800kpc h!1 ≈ 1� 4rvir, which is well described by a single NFW profile (solid
line). The dashed line shows the contribution to the variance from uncorrelated large scale structure projected along the line of sight. Bottom: the logarithmic
slope of the stacked mass profile (open squares with error bars), d ln〈Σ〉� d lnR, is shown as a function of projected radius along with the NFWmodel (solid line)
shown in the top panel. The projected logarithmic slope shows a clear continuous steepening with increasing radius, consistent with the NFW model.

smoothing from cluster miscentering effects (Johnston et al.
2007), where the typical offset between the BCG and the dark
matter center is estimated as d �

∼ 20kpch!1 for our sample
from our detailed strong-lens modeling (see Section 3.3). The
stacked full mass profile is detected at a high significance level
of 58σ over the entire clusters. It is found here that ignor-
ing the cosmic noise contribution will underestimate the er-
rors by ∼ 30%–40%. This is due to the correlation of this
noise between radial bins and can only be reduced by averag-
ing over independent lines of sight, with uncorrelated line of
sight structures, i.e. by averaging over well separated clusters.
Our stacked projected mass profile with a continuously

steepening radial trend is very accurately described by the
NFW form predicted for the family of CDM-dominated ha-
los, whereas it strongly disfavors the SIS model at 62σ signif-
icance. In the context of an assumed gNFW profile, the cen-
tral cusp slope is constrained as α = 0 � 89+0� 27!0� 39 (Figure 2), being
slightly shallower than, but consistent with, the simple NFW
form with α = 1 (cf. Navarro et al. 2010). Note NFW define
this profile for halos which they identify as in virial equilib-
rium, in terms of the simulated CDM particles (see Section
2.2.2 of Navarro et al. 1997). The clusters we have selected

for our stacked analysis are, in terms of their lensing proper-
ties, very well behavedwith at most only∼ 10% perturbations
in mass visible locally in the two-dimensional mass distribu-
tion, and otherwise very symmetric over most of the radius
(Broadhurst et al. 2005a,b, 2008; Umetsu et al. 2010). De-
tailed hydrodynamical simulations show that equilibrium is
relatively rapidly achieved in only a few sound crossing times
after a major merger, though some dynamical and gas disrup-
tion may continue for over a Gyr. This is not important in
terms of the central relaxation time of the dark matter (Ricker
& Sarazin 2001; Umetsu et al. 2010).
Recently Woo & Chiueh (2009) examined in detail an ex-

tremely light bosonic dark matter (ELBDM) model (m ∼
1022 eV) as an alternative to CDM in the context of nonlinear
cosmic structure formation. ELBDMwith a de-Broglie wave-
length of astronomical length scales, if it exists, may well be
in a ground-state Bose-Einstein condensate and hence well
described by a coherent wave function, which may naturally
account for the perceived lack of small galaxies relative to the
ΛCDM model (Klypin et al. 1999; Peebles & Nusser 2010).
Woo & Chiueh (2009) showed that, irrespective of whether
halos form through accretion or merger, ELBDM halos can

Recap: gamma-ray intensity

Iγ(θ, E) =
1
4π

1
(1 + z)2

�σv�
2m2

χ

dNγ((1 + z)E)
dE

�
dl ρ2(r(l, θ))

Gamma-ray intensity from annihilation

Density profile: NFWMass and annihilation cross section
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Fig. 3.— mSUGRA (upper left), MSSM (upper right), Kaluza-Klein UED (lower left) and Anomaly me-
diated (lower right) models in the (mwimp, � σv � ) plane. All mSUGRA and MSSM plotted models are
consistent with all accelerator constraints and red points have a neutralino thermal relic abundance corre-
sponding to the inferred cosmological dark matter density (blue points have a lower thermal relic density,
and we assume that neutralinos still comprise all of the dark matter in virtue of additional non-thermal pro-
duction processes). The lines indicate the Fermi 95% upper limits obtained from likelihood analysis on the
selected dwarfs given in Table 4.

Gamma-ray spectra 
per annihilation



Intensity profile

z
Mvir 

(1014 h−1 Msun)
rvir

(h−1  Mpc)

Fornax

Coma

Centaurus

0.005 0.8 0.9

0.023 6.8 1.8

0.05 62 3.7

Three representative clusters:

• DM mass: 100 GeV

• Cross section assumed: 
<σv> = 3x10−26 cm3/s

• Photon per annihilation: 
Nγ = 1



Uncertainty: substructure

Figure 1: Projected dark matter density-square map of “Via Lactea II”. An 800 kpc
cube is shown. The insets focus on an inner 40 kpc cube, in local density (bottom), and in local phase
space density calculated with EnBiD[27] (top). The Via Lactea II simulation has a mass resolution
of 4,100 M! and a force resolution of 40 pc. It used over a million processor hours on the “Jaguar”
Cray XT3 supercomputer at the Oak Ridge National Laboratory. A new method was employed
to assign physical, adaptive time-steps19 equal to 1/16 of the local dynamical timescale (but not
shorter than 268,000 yr), which allows to resolve very high density regions. Initial conditions were
generated with a modified, parallel version of GRAFIC2[28]. The high resolution region is embedded
within a large periodic box (40 comoving Mpc) to account for the large scale tidal forces. The mass
within 402 kpc (the radius enclosing 200 times the mean matter density) is 1.9 × 1012 M!.

Galactic substructure 
from Via Lactea II • Numerical simulations 

find lots of substructure

• This will boost 
annihilation signals

• Current resolution limits 
for cluster-like halos are 
~5x107 Msun

Diemand et al., Nature 454, 735 (2008)



Uncertainty: subhalos
Dark matter 3
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Figure 1. Surface brightness profiles from dark matter annihilation for var-
ious components of the Ph-A-1 simulation of a rich galaxy cluster. Sur-
face brightness is given in units of annihilation photons per cm2 per second
per steradian for fiducial values of 100Gev for mp, the dark matter parti-
cle mass, and 3× 10−26cm3s−1 for 〈!v〉, the thermally averaged velocity-
weighted annihilation cross-section, assuming N" = 1 photons per annihila-
tion. This surface brightness scales as N"〈!v〉/m2

p. Projected radius is given
in units of kpc. The red line shows radiation from the smoothly distributed
dark matter within the main component of the cluster. The ragged blue dot-
ted lines show radiation from resolved dark matter subhaloes with masses
exceeding 5×107, 5×108, 5×109 and 5×1010 M% (from top to bottom).
Extrapolating to mass limits of 10−6 and 10−12 M% as discussed in the text
gives rise to the smooth blue curves. The purple dashed lines show the re-
sults of summing smooth and subhalo contributions.

rection of 1.5) as the haloes in a representative volume of the Uni-
verse. Thus, we can use analytic predictions for the abundance and
concentration of field haloes (Sheth & Tormen 2002; Neto et al.
2007) to extrapolate our simulation results to much lower sub-
halo masses. The upper blue curves in Figure 1 show the resulting
predictions for minimum subhalo masses of 10−6 and 10−12 M%,
respectively. The most uncertain part of this extrapolation is the
assumption that halo concentration continues to increase towards
lower masses in the same way as measured over the mass range
simulated so far. This assumption has not yet tested explicitly, and
has a very large effect on the results. For example, if all (sub)haloes
less massive than 105 M% are assumed to have similar concentra-
tion, then the total predicted emission from subhaloes would be
more than two orders of magnitude below that plotted in Figure 1
for an assumed cut-off mass of 10−6 M%.

With our adopted concentration scaling, subhaloes dominate
the surface brightness beyond projected radii of a few kiloparsecs,
as may be seen in Fig. 1. Surface brightness is almost constant be-
tween 10 and 300kpc, dropping by a factor of two only at 460kpc.
At the virial radius of the cluster (r200 = 1936 kpc), the surface
brightness of the subhalo component is a factor of 14 below its
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Figure 2. Annihilation luminosity (in arbitrary units) from subhaloes lying
within r200 per decade in subhalo mass and per unit halo mass (M200) for
the Phoenix and Aquarius simulations. The level-1 simulations are shown
by the black (Phoenix) and red (Aquarius) lines and the medians of the nine
Phoenix and six Aquarius level-2 simulations by the thick blue and orange
lines respectively. The full scatter in each set of simulations is indicated by
the shaded areas. The dashed magenta line gives the predicted annihilation
luminosity density per decade in halo mass from the cosmic population of
dark matter haloes.

central value. Within this radius the luminosity from resolved sub-
haloes in Ph-A-1 is more than twice that from the smooth halo,
even though these subhaloes account only for 8% of the mass. Ex-
trapolating to minimum subhalo masses of 10−6 and 10−12 M%

the subhalo excess becomes 718 and 16089 respectively. These
boost factors substantially exceed the equivalent factors predicted
for the galaxy haloes of the Aquarius Project. This is because of
the additional high-mass subhaloes which contribute in the cluster
case (see Figure 2) together with the lower concentration of cluster
haloes relative to galaxy haloes, which reduces the emission from
the smooth component. Note, the boost factor for the Aq-A-1 ob-
tained with the extrapolation we use here is smaller by a factor of
2.4 than the value quoted in Springel et al. (2008a).

For the resolved component, there is significant variation
amongst the nine Phoenix haloes, but the median value of the total
boost factor (for a cutoff mass of 10−6M%) is 1125, which, for the
reasons just given, is about twelve times the median boost factor we
obtain by applying the same method to the Aquarius haloes. Com-
paring these results suggests that the ratio of subhalo to smooth
main halo luminosity within r200 (subhalo “boost factor”) varies
with halo mass approximately as

b(M200) = Lsub/Lmain = 1.6×10−3(M200/M%)
0.39. (1)

The total luminosity of a halo is therefore Ltot = (1 + b)Lmain,
where Lmain is the emission of the smooth halo. In addition, the
projected luminosity profile of the subhalo component can be well
approximated by

Ssub(r) =
16b(M200)Lmain

# ln(17)
1

r2
200 +16r2 . (2)

These formulae will be used to estimate dark matter annihilation lu-
minosities and surface brightness profiles for haloes with different
masses in subsequent sections.

• Minimum subhalo mass may be 
as small as Earth mass (10−6 
Msun) for the neutralino dark 
matter

• Currently no simulations can 
resolve such fine structure

• Simple extrapolation shows 
that the boost highly depends 
on the minimum subhalo mass 

Mmin = 5x107 Msun 

Mmin = 10−6 Msun 

Mmin = 10−12 Msun 

Gao et al., arXiv:1107.1916 [astro-ph.CO]



Subhalo boost of intensity

• Intensity due to subhalos is much more extended than the smooth 
component

• Subhalo boost factor is ~1000 for cluster-size halos, if minimum 
subhalos are of Earth size

Mmin = 5x107 Msun 

Mmin = 10−6 Msun



Analysis of Fermi-LAT data

• We analyze data of Fermi-LAT for 2.8 years around 49 relatively large galaxy 
clusters

• DIFFUSE and DATACLEAN class of photon data between MET = 
239557417 s and 329159098 s

• 23 clusters from X-ray (Reiprich & H. Boehringer 2002) and 34 from 
cosmology catalogs (Vikhlinin et al. 2009); 3 are found in both and 5 are 
at low Galactic latitudes

• We first perform likelihood analysis of the data using the known sources 
(from 2FGL catalog) as well as both Galactic and extragalactic backgrounds

• Use photons between 1 GeV and 100 GeV, and divide them into 20 
energy bins equally spaced logarithmically

• Models are convolved with P6_V11 instrumental response functions



Fermi-LAT data and best-fit model for Fornax

• There is no gamma-ray source at cluster location

• We then add cluster component at the center of the best-fit 
model map, to put upper limit on that component
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Upper limits on cluster component
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Limits on annihilation cross section from Fornax
Host halo only
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Figure 1: Left: Upper limits on annihilation cross section 〈σv〉 for a b �b final state as a function
of DM mass, obtained from six nearby clusters. The constraints are compared to the predicted
cross section for generic supersymmetric models (yellow) in the general MSSM, as well as to
the subset of models that have thermal relic densities compatible with the observed universal DM
density (orange). This figure is taken from Ackermann et al. (2010a). Right: Brightness profiles
of stacked clusters as well as Fornax due to dark-matter annihilation assuming 100 GeV mass and
〈σv〉 = 3×10"26 cm3 s"1. The clusters are taken from nearby sample (including 22) in Ackermann
et al. (2010b) selected by X-ray fluxes, and 38 more distant but very massive ones from Vikhlinin
et al. (2009). The numbers attached to each line shows flux in units of 10"13 cm"2 s"1.

cluster that gives the best constraint on 〈σv〉 among the nearby six clusters (Fig. 1, left). The sum
of the flux of 22 clusters from Ackermann et al. (2010b) sample is 5.6 times larger than the flux
of Fornax. The sum of the flux of 38 clusters from Vikhlinin et al. (2009) sample is twice as large
as that from Fornax, even though this sample does not include very nearby clusters that have been
already discussed individually.

We then stacked the “Diffuse”-class Fermi data at the locations of these galaxy clusters. We
found no signals from such stacked maps and therefore used them to constrain the gamma-ray
flux from stacked clusters. The preliminary χ

2 analysis shows that the upper limits on flux and
annihilation cross section obtained with Ackermann et al. (2010b) sample improves at least by a
factor of 3 compared with Fornax. Similarly it improves by a factor of 1.4 for Vikhlinin et al. (2009)
sample. Thus, we have demonstrated that the stacking analysis is a powerful method to improve
the existing constraints on gamma-ray flux. It is worth mentioning that, to improve the limits by
a factor of 3 with individual cluster analysis, one has to collect ∼10 times more photons (i.e., 10
times larger mission duration of the Fermi). The stacking analysis that we are proposing and that
has not been performed yet, on the other hand, can significantly improve the existing constraints
by simply maximizing the information we extract from the same data set. The main goal of the
proposed research is to perform this analysis more thoroughly with the Fermi Science Tool, with
more photons from longer integration of the Fermi, and with many more clusters.

(2) Impact of Baryons and Substructures on the DM Annihilation Signal

The present theoretical prediction for the DM annihilation signal is made under the number

2

11-month data

34-month data

Ackermann et al., JCAP 1005, 025 (2010)



Cross section limits for all clusters
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Cross section limits for all clusters
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Cross section limits from stacking analysis

Limits improve by 10–20% (low masses) to a factor of 2 (high masses)
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Dependence on minimum suhalo mass

• If the minimum subhalo mass 
is around Earth size, then the 
canonical value of 
annihilation cross section is 
excluded

• This does not depend on 
annihilation channel that 
much

• If the minimum mass is 
around the current 
resolution limit, then the 
host-halo component 
dominates the signal
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Another effect: baryon contraction

• Baryons lose energy and 
angular momentum due to 
radiation

• This will increase the 
gravitational potential 
toward the center

• Dark matter is also 
dragged toward the center 
as a result of this

• This affects annihilation 
flux by a factor of ~2–200 
(preliminary)

2 GNEDIN ET AL.

and consider only the growth of a central concentration in
an isolated halo. The hierarchical formation of halos is, in
general, considerably more complex than the simple pic-
ture of quiescent cooling in a static spherical halo. Each
halo is assembled via a series of mergers of smaller halos,
with the cooling of gas and contraction of dark matter oc-
curring separately in every progenitor. The gas can be
re-heated by shocks during mergers and during accretion
along the surrounding filaments. Also, some objects may
undergo dissipationless mergers after the gas is exhausted
or the cooling time becomes too long. It was argued that
dissipationless evolution erases the effect of gas cooling on
the DM distribution (Gao et al. 2004).

In this paper we consider the effect of dissipation on the
dark matter distribution in high-resolution cosmological
simulations. We also present the first test of the AC model
in the self-consistent simulations of hierarchical structure
formation and propose a simple modification which de-
scribes numerical results more accurately.

2. cosmological simulations

We analyze high-resolution cosmological simulations of
eight group and cluster-sized and one galaxy-sized systems
in a flat ΛCDM model: Ωm = 1 − ΩΛ = 0.3, Ωb = 0.043,
h = 0.7 and σ8 = 0.9. The simulations are performed with
the Adaptive Refinement Tree (ART) N -body+gasdynamics
code (Kravtsov 1999; Kravtsov, Klypin, & Hoffman 2002),
an Eulerian code that uses adaptive refinement in space
and time and (non-adaptive) refinement in mass to achieve
the high dynamic range needed to resolve the halo struc-
ture.

The cluster simulations have a peak resolution of ≈
2.44h−1 kpc and DM particle mass of 2.7 × 108h−1 M"

with only a region of ∼ 10h−1 Mpc around each clus-
ter adaptively refined. We analyze each cluster at a late
epoch (0 < z < 0.43), when it appears most relaxed. This
minimizes the noise introduced by substructure on the
azimuthally-averaged mass profiles. The virial masses5 of
the clusters range from ≈ 1013h−1 M" to 3×1014h−1 M".

The galaxy formation simulation follows the early (z ≥
4) evolution of a galaxy that becomes a Milky Way-sized
object at z = 0 in a periodic box of 6h−1 Mpc. The simu-
lation is stopped at z ≈ 3.3 due to limited computational
resources. At z = 4, the galaxy already contains a large
fraction of its final mass: ≈ 2× 1011h−1 M" within 30h−1

kpc. The DM particle mass is 9.18 × 105h−1 M" and the
peak resolution of the simulation is 183h−1 comoving pc.
This simulation is presented in Kravtsov (2003), where
more details can be found.

For each halo, we analyze two sets of simulations which
start from the same initial conditions but include differ-
ent physical processes. The first set of simulations follows
the dynamics of gas “adiabatically”, i.e. without radiative
cooling. The second set of simulations (hereafter CSF)
includes star formation, metal enrichment and thermal
supernovae feedback, metallicity- and density-dependent
cooling, and heating due to the extragalactic UV back-
ground. Star formation in the cluster simulations is imple-
mented using the standard Kennicutt’s law and is allowed
5 We define the virial radius, rvir, as the radius enclosing an average
density of 180 times the mean density of the Universe at the analyzed
epoch.

Fig. 1.— Mass profile of one of the clusters as a function of
physical radius. The solid and dotted lines show the profiles of dark
matter and baryons (stars+gas) in the adiabatic (thin) and cooling
(thick) runs, respectively. The dashed curve shows the prediction of
the standard adiabatic contraction model, while dot-dashed curve
shows the improved model. The profiles are truncated at four res-
olution elements of the simulation. Top panel: relative mass differ-
ence between the adiabatic contraction model and the DM profile in
the CSF simulation. The dashed line is prediction of the standard
AC model, while dot-dashed line shows our modified model.

to proceed in regions with temperature T < 104K and gas
density n > 0.1 cm−3. In the galaxy formation run, the
star formation rate is proportional to the gas density and
stars are allowed to form at densities n > 50 cm−3. The
difference in star formation prescriptions in galaxy and
cluster simulations, accounts for the difference in spatial
resolution. The prescription used in the galaxy formation
run is more appropriate when applied at the scale of tens
of parsecs (see Kravtsov 2003, for discussion).

To identify dark matter halos we use a variant of the
Bound Density Maxima algorithm (Klypin et al. 1999).
Dark matter particles in the high-resolution region of the
simulation are assigned a local density calculated by using
24-particle SPH kernel. We identify local density peaks on
a scale of 100h−1 kpc and analyze the density distribution
and velocities of the surrounding particles to test whether
a given peak corresponds to a gravitationally bound ob-
ject. In this study we only consider host halos: those that
do not lie within a larger virialized halo. We identify the
center of each halo with the position of the DM particle
with the highest local density. Based on the convergence
studies for the ART code (Klypin et al. 2001; Tasitsiomi
et al. 2004), we truncate the dark matter profiles at the
inner radius 4∆xmin, where ∆xmin is the smallest cell size:
2.44h−1 and 0.183h−1 comoving kpc in the cluster and
galaxy formation runs, respectively.

3. effects of cooling on matter distribution

Gnedin et al., Astrophys. J. 616, 16 (2004); arXiv:1108.5736 [astro-ph.CO]



Summary: galaxy clusters

• We analyzed 2.8-yr Fermi-LAT data for 49 galaxy clusters

• Comparison made with the latest source models, diffuse backgrounds, 
and cluster models

• Obtain upper limits on annihilation cross section

• Strongest limits are obtained with Fornax for smooth host-halo model, 
and with Centaurus for clumpy subhalo model

• Stacking clusters will improve limits by ~10–20% (low masses) to a factor 
of 2 (high masses)

• Astrophysical implications will be discussed (future)



Plan of this talk

• Gamma rays from dark-matter annihilation from 
galaxy clusters

• Angular power spectrum of the gamma-ray 
background from dark matter annihilation

Ando, Komatsu, Phys. Rev. D 73, 023521 (2006) 
Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)
Ando, Phys. Rev. D 80, 023520 (2009)



Gamma-ray background from dark matter

• Dark matter is annihilating 
everywhere!

• It gives contribution to the 
gamma-ray background

Figure 1: Projected dark matter density-square map of “Via Lactea II”. An 800 kpc
cube is shown. The insets focus on an inner 40 kpc cube, in local density (bottom), and in local phase
space density calculated with EnBiD[27] (top). The Via Lactea II simulation has a mass resolution
of 4,100 M! and a force resolution of 40 pc. It used over a million processor hours on the “Jaguar”
Cray XT3 supercomputer at the Oak Ridge National Laboratory. A new method was employed
to assign physical, adaptive time-steps19 equal to 1/16 of the local dynamical timescale (but not
shorter than 268,000 yr), which allows to resolve very high density regions. Initial conditions were
generated with a modified, parallel version of GRAFIC2[28]. The high resolution region is embedded
within a large periodic box (40 comoving Mpc) to account for the large scale tidal forces. The mass
within 402 kpc (the radius enclosing 200 times the mean matter density) is 1.9 × 1012 M!.

Galactic substructure 
from Via Lactea II

Diemand et al., Nature 454, 735 (2008)

Large-scale structure from 
Millennium Simulation



Fermi 1st year result on cosmological annihilation
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Figure 3: The vertically hatched band illustrates the span in the expected isotropic
extragalactic (EG) gamma-ray signal, defined by being the region enclosed by our MSII-
Sub1 and MSII-Sub2 cases. The horizontally hatched band is the flux that can be expected
from Galactic substructure. The filled grey band is the signal range that could be expected
from the main DM Galactic halo, at a latitude of 10◦, which would by itself produce an
anisotropic signal. The data points show the measurement of the IGRB by the Fermi-
LAT [30]. The gamma-ray spectra are from DM particles with mass of 400 GeV, a total
annihilation cross section �σv� = 3×10−26 cm3 s−1 into bb̄ quarks, and a minimal subhalo
mass cut-off at 10−6M⊙. See the text for more details.

The lower boarder is when the substructure signal strength instead is implemented con-
sistently with the average substructure enhancement used in the MSII-Sub1 calculation
of the extragalactic signal. Then the luminosity from all substructures inside r200 for a
Milky-Way-sized halos is merely B ∼ 2 times the luminosity of the main DM halo. This
lower signal limit is also similar in amplitude to the finding in [71], where the Aquarius
simulation is used, but a subhalo concentration extrapolation with a double power law
approach is applied to soften the DM halo concentration for small subhalo masses. We
thus find that the diffuse DM signal from Galactic substructure could be insignificant, but
that, with the uncertainty bands in figure 3, Galactic substructures could also potentially
enhance the DM signal by at least an order of magnitude relative to the extragalactic
MSII-Sub1 signal. This range covers the result that [71] finds by self-consistently ex-
trapolating results from two specific high resolution simulated halos. All these scenarios
would obviously only increase the DM signal and would, if taken into account, only lead
to stronger DM constraints than we derive from the extragalactic signal in this work.
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Figure 5: Cross section �σv� limits on dark matter annihilation into bb̄ final states. The

blue regions mark the (90, 95, 99.999)% exclusion regions in the MSII-Sub1 ∆2(z) DM

structure scenario (and for the other structure scenarios only 95% upper limit lines). The

absorption model in Gilmore et al. [68] is used, and the relative effect if instead using the

Stecker et al. [69] model is illustrated by the upper branching of the dash-dotted line in

the MSII-Res case. Our conservative limits are shown on the left and the stringent limits

on the right panel. The grey regions show a portions of the MSSM7 parameter space

where the annihilation branching ratio into final states of bb̄ (or bb̄ like states) is > 80%.

See main text for more details.

It is not always direct to compare different works on DM annihilation cross section

limits; different physics assumptions, different analysis methods and different data sets

are often used. We will anyway make a comparison to a few other DM constraints, as to

put our cosmological DM results into context. With the MSII-Sub2 case our cross section

limits are among the strongest indirect detection limits presented to date, but this setup

is admittedly a WIMP structure scenario that might be overly optimistic. The structure

and substructure description applied in our BulSub scenario as well as the strict analysis

procedure is similar to what was used in the Fermi analysis of Galaxy clusters [13] and

(with the exception of no additional inclusion of substructure) the Fermi analysis of dwarf

galaxies [8], see also [7]). It is therefore worthwhile to compare those analyses with our

BulSub scenario with the strict upper limit calculation procedure. Our bb̄ cross section

limits are, in this perspective, comparable to the ones presented in the Fermi analysis

of dwarf galaxies [8] and somewhat stronger than the constraints from galaxy clusters

in [13]. For hadronic annihilation channels, cosmic-rays, especially antiproton data, can

provide comparable limits [82]. Such limits are, however, associated with additional un-

certainties due the uncertainties related to charged particle propagation in the Galaxy.

In the preparation of this paper, Fermi-LAT data was used in [10, 11] to set cross section

limits on Galactic DM induced gamma-rays. In these two papers, their data analysis

18

Fermi-LAT, Abdo et al., JCAP 04, 014 (2010)

Spectrum of “isotropic” 
gamma-ray background



Diffuse gamma-ray background

• What would the gamma-ray background map look like?

• What information on dark matter can we extract from the 
gamma-ray map, and how?

Remove all the 
identified sources

EGB radiation from dark matter annihilation 13

Figure 10. Upper panel: One of the partial maps (z = 0) showing the cosmic γ-ray background produced by dark matter annihilation.
The color scale gives a visual impression of the values of the specific intensity for each pixel in the map; the red color corresponds to
the highest values of specific intensity. The observed energy of the simulated γ-ray radiation is 10GeV, and the benchmark point L as
described on Table 1 was used as input for the supersymmetric model. Lower panel: Co-added map showing the full γ-ray sky map from
dark matter annihilation integrated out to z = 10.

c© 0000 RAS, MNRAS 000, 000–000

Zavala, Springel, Boylan-Kolchin, 
MNRAS 405, 593 (2010)

??



2-point statistics: Angular correlation

• Can Fermi do the same as 
WMAP in gamma-ray sky?

?



Angular power spectrum

• Take spherical harmonic 
expansion → square of 
coefficient: power spectrum

• Multipole ℓ is related to θ 

through θ = π / ℓ

• We need to know how the 
halos are distributed, mass 
function, and density profiles

• We apply “halo model” to 
compute the power spectrum

θ

θ (= π / ℓ)

Dark matter 
halos/subhalos

Ando, Komatsu, Phys. Rev. D 73, 023521 (2006)



Detectability of the angular power spectrum

• Dark matter mass: 100 
GeV

• At 10 GeV for 2-yr 
exposure

• Blazar component is easily 
discriminated

• Blazar power spectrum 
is nearly independent of 
energy

Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)

30% DM 50% DM

70% DM 90% DM

“Subhalo-dominated”

Dark matter signal
Dark matter correlation
Blazar background
Dark matter-blazar cross correlation



“No substructure” or “smooth halo” limit

• Mmin = 10−6 Msun

• Our best estimate: “If DM 
annihilation contributes > 
30% of the mean intensity, 
Fermi should be able to 
detect DM anisotropy”

Ando, Komatsu, Narumoto, Totani, Phys. Rev. D 75, 063519 (2007)

30% DM 50% DM

70% DM 90% DM

“Host-halo-dominated”

Dark matter signal
Dark matter correlation
Blazar background
Dark matter-blazar cross correlation



Anisotropy due to Galactic subhalos

• Mmin = 10−6 Msun

• 1sh term dominates at 
smaller scales

• Deviation from shot noise 
is due to spatial extention 
of subhalos

• Good chance of detection 
if 50:50 mixture with 
blazars

Ando, Phys. Rev. D 80, 023520 (2009)



Followup studies

• Dark matter annihilation

Cuocco et al. 2007, 2008; Siegal-Gaskins 2008; Zhang, Sigl 2008; Taoso et al. 2008; 
Fornasa et al. 2009; Siegal-Gaskins, Pavlidou 2009; Zavala et al. 2010; Hensley et al. 
2010; Ibarra et al. 2010; Cuocco et al. 2010; Zhang et al. 2010

• Astrophysical sources

Miniati et al. 2007; Ando, Pavlidou 2009; Siegal-Gaskins et al. 2010

EGB radiation from dark matter annihilation 15

Figure 11. Upper panel: Mean annihilation intensity per comov-
ing shell thickness, ∆Iγ,0/∆x, as a function of redshift for indi-
vidual partial maps. The solid black line is for resolved haloes
and subhaloes. The dashed black line is for main haloes only,
resolved and unresolved down to the cutoff mass using a boost
factor bh = 60. The blue and red solid lines show the contribution
of all components, resolved and unresolved haloes and subhaloes,
boosted with the extreme values in the interval bsub = 2 − 60.
All lines are for Eγ,0 = 10GeV, except for the black dotted line
which is for Eγ,0 = 100 GeV. Lower panel: The same as the
upper panel but for the accumulated intensity, Iγ,0(> 1 + z).
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For small angular scales (i.e. large l), the variance of ∆Iγ,0

per unit decade in l can be connected directly to the Cl’s
through

d〈∆2
Iγ,0

〉

dln l
∝ l2Cl. (35)

In Fig. 12, we show the angular power spectrum l(l +
1)Cl/2π as a function of the multipole l, at an observed en-
ergy of Eγ,0 = 10 GeV, for all the cases discussed in Fig. 11.
At large scales, l ! 10, the power spectrum is related to the
clustering of dark matter haloes. All cases have the same
shape on these scales. However, when only the main halo
contribution to the EGB is considered (dashed black line),
the normalization is lower because most of the γ-ray signal
comes from low mass haloes that are less clustered (biased)
than more massive haloes; recall that in this case we extrap-
olate the signal down to the cutoff mass by assuming that
the unresolved main haloes are clustered in the same way as
the least massive resolved haloes in the MS-II.

Figure 12. Angular power spectrum of the EGB produced by
dark matter annihilation as a function of the multipole l for
Eγ,0 = 10GeV. The solid black line is for resolved haloes and sub-
haloes. The dashed black line is for main haloes only, resolved and
unresolved down to the cutoff mass using a boost factor bh = 60.
The blue and red solid lines show the contribution of all com-
ponents, resolved and unresolved haloes and subhaloes, boosted
with the extreme values in the interval bsub = 2− 60. The dotted
lines show the predictions from Ando et al. (2007b) for a sub-
halo contribution with and without considering tidal destruction
(lower and upper dotted lines), respectively.

The blue line in Fig. 12, corresponding to the full ex-
trapolation including subhaloes but with the minimal boost
bsub = 2, has exactly the same power spectrum than the case
with main haloes only, at all scales. This is because the sig-
nal from main haloes is dominant in this case, and subhaloes
have a negligible effect. In contrast, in the case where sub-
haloes have a significant contribution mediated by bsub = 60
(red line), the normalization is larger at small scales because
the signal is dominated by subhaloes belonging to the most
massive haloes, and the latter are strongly clustered.

As the angular scale decreases, l > 10, the power spec-
trum depends more and more on the internal structures of
haloes. For the cases where substructures are ignored or are
negligible (dashed-black and blue lines), the slope becomes
steeper, with a slope close to 2. The power spectrum for the
cases where substructures are relevant (red and black solid
lines) behaves differently, however. In the range l ∈ [20, 100],
it becomes slightly shallower, i.e. the signal is slightly more
isotropic in this regime. This is probably produced by the
distribution of substructure within the biggest haloes. Con-
trary to the strong central concentration of the matter in a
halo, the number density profile of subhaloes is considerably
shallower than a NFW profile and produces a luminosity
profile in projection which is essentially flat (Springel et al.
2008). This effect continues until l ∼ 200 where the power
spectrum becomes dominated by the low-mass main haloes.
The corresponding upturn happens at smaller scales for the

c© 0000 RAS, MNRAS 000, 000–000

Zavala, Springel, Boylan-Kolchin (2010)

3

annihilation [24, 25]. The observed intensity energy spec-
trum is the sum of the EBL-attenuated reference blazar
spectrum and the dark matter spectrum, and in this ex-
ample dark matter dominates the intensity energy spec-
trum above ∼ 20 GeV. The observed intensity spectrum
is, however, also consistent with a blazar-only spectrum
with a broader spectral index distribution (an “alterna-
tive blazar model”, α0 = 2.32, σ0 = 0.26) that has suf-
fered EBL attenuation. In light of uncertainties in the
properties of blazars, the EBL, and dark matter, the in-
tensity energy spectrum alone is not sufficient to distin-
guish between these two possibilities. In this case the
anisotropy energy spectrum can break the degeneracy: if
unresolved blazars were the sole source of the isotropic
diffuse emission, the anisotropy energy spectrum would
be constant in energy, but the presence of a dark matter
contribution that varies with energy results in a modula-
tion of the anisotropy energy spectrum.

Fig. 2 presents a scenario with mχ = 80 GeV, which is
generally considered a more favorable mass for detection
by Fermi. However, in this scenario the dark matter in-
tensity is always subdominant, and as before the observed
cut-off in the intensity energy spectrum occurs at an en-
ergy consistent with EBL suppression of the EGRB, pro-
ducing an acute degeneracy between the reference blazar
model plus a dark matter contribution and an alterna-
tive blazar model (α0 = 2.28, σ0 = 0.26) without dark
matter. Again, the anisotropy energy spectrum provides
a means of robustly identifying a dark matter contri-
bution: even though Galactic dark matter substructure
never dominates the intensity energy spectrum, it pro-
duces a strong feature in the anisotropy energy spectrum.

In both examples, the error bars become prohibitively
large for E ! 1 GeV due to the angular resolution of
Fermi below this energy, and at sufficiently high ener-
gies due to lack of photons. In between these two regimes,
the noise term in Eq. 2 (CN/W 2

" ) is negligible, and the
uncertainties are quite small, governed primarily by the
sample variance at the selected multipole. As a result,
the departure of the measured anisotropy energy spec-
trum from an energy-invariant quantity can be identified
with high confidence, clearly indicating a transition in
energy between source populations.

We comment that the blazar intensity spectra (as well
as the total intensity) in our examples fall noticeably be-
low the EGRET data points. This reflects the expecta-
tion that Fermi, with its enhanced point-source sensitiv-
ity, will resolve a large number of extragalactic sources
that had contributed to EGRET’s measurement of the
EGRB, and consequently will measure a lower amplitude
diffuse background. The EGRET data points are plotted
to explicitly demonstrate that our models do not violate
existing constraints.

Discussion.— The observation of a modulation in the
anisotropy energy spectrum robustly indicates a change
with energy in the spatial distribution of contributing
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FIG. 1: Top panel: Example measured isotropic diffuse inten-
sity spectrum. Shown individually are the spectra of Galactic
dark matter substructure for mχ = 700 GeV, the reference
blazar model without and with EBL attenuation (z0 = 0.4),
and the unattenuated alternative blazar model. The ‘total’
signal is the sum of the attenuated reference blazar spectrum
and the dark matter spectrum. The EGRET measurement
of the EGRB is plotted for reference (black crosses). Bottom
panel: Energy dependence of the angular power spectrum of
the total isotropic emission at multipole ! = 100 for the sce-
nario shown in the top panel. The anisotropy energy spectrum
of Galactic dark matter substructure, unresolved blazars, and
the total signal are shown.
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FIG. 2: Same as Fig. 1, for mχ = 80 GeV. For the attenuated
reference blazar model, z0 = 1.

source population(s). Although we have considered only
the contributions of Galactic dark matter substructure
and unresolved blazars to the isotropic diffuse back-
ground, sources other than those explicitly considered
here (e.g., Fermi irreducible backgrounds, the smooth
dark matter halo, and additional extragalactic popu-
lations including dark matter) which could induce an
energy-dependence in the total angular power spectrum
are not expected to provide significant power at the angu-
lar scales of interest. Here we have not explicitly consid-

Siegal-Gaskins, Pavlidou (2009)

Anisotropies in the Diffuse Gamma-Ray Background from Dark Matter with Fermi LAT: a closer look 9

Figure 5. (Left) 5 year averaged counts map (in HEALpix nside=256 format) of our reference no-DM model, which contains astrophysical
EGB, Galactic foreground and resolved point sources. An energy dependent mask is applied to suppress Galactic foregrounds and point
sources (see the text). The simulation has been divided into five energy bands (in the energy ranges indicated in the titles) and only the
region outside the masks is shown. The EGB energy spectrum is harder than the Galactic diffuse one, so at high energies there is more
sky area available for the analysis. (Right) A random realization of the expected counts.c© 0000 RAS, MNRAS 000, 000–000
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Analysis ongoing...

• So far the angular power 
spectrum is consistent with 
shot noise due to finiteness 
of the photon counts

• The real difficulty, though, is 
to remove astrophysical 
contribution (mainly from 
blazars)

10.4–50.0 GeV

Mask |b|<30 degrees

19

10.4–50.0 GeV

30

DATA: CLEANED = Galactic Model Map Subtracted

Fermi-LAT Collaboration + Komatsu

From Komatsu’s talk at IPMU, 2011



Summary: gamma-ray background anisotropy

• Fermi will provide information on the origin of the gamma-ray 
background through anisotropy

• This isn’t just for dark matter, but anything contributing considerably

• From angular power spectrum, we see that if extragalactic DM 
component is > 30%, Fermi should discriminate it from blazars’ in 
anisotropy

• Galactic subhalos might give larger power spectrum, and so detection 
would be more promising

• This series of research is now expanding farther, including energy 
dependence of power spectrum, 1-point PDF (Lee, Ando, Kamionkowski 
2009), etc.
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