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1. Introduction



Dark matter annihilation and substructure

• Dark matter: 80% of matter content of the Universe; known to 
be nonbaryonic

• Candidate: Weakly Interacting Massive Particle (WIMP), e.g., 
supersymmetric neutralino

• WIMP mass is around GeV–TeV scale

✓ WIMPs may annihilate into gamma rays

✓ WIMPs may form substructure with scales 
down to ~ Earth mass

Two important features:
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Where to look for annihilation signature

• Galactic center

• Nearby dwarf galaxies

• Nearby subhalos

• Diffuse background radiation

• Etc.

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



Gamma-ray background anisotropy

• Most DM halos/subhalos are individually dim

• But they all give contribution to the diffuse gamma-ray background

Ando et al., Phys. Rev. D 75, 063519 (2007)

• We might see characteristic signature 
in the angular power spectrum

• This was done by Ando & Komatsu 
(2006) followed by several people

• DM component can excel in 
angular power spectrum even if 
they are subdominant in flux

• These studies focused on 
extragalactic DM halos

70% DM 90% DM

30% DM 50% DM



Galactic dark matter substructure

• There is an increasing interest in Milky Way substructure...
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Figure 13. Images of substructure within substructure. The top left panel shows the dark matter distribution in a cubic region of side
2.5 ! r50 centred on the main halo in the Aq-A-1 simulation. The circles mark six subhalos that are shown enlarged in the surrounding
panels, and in the bottom left panel, as indicated by the labels. All these first generation subhalos contain other, smaller subhalos which
are clearly visible in the images. SUBFIND finds these second generation subhalos and identifies them as daughter subhalos of the larger
subhalos. If these (sub-)subhalos are large enough, they may contain a third generation of (sub-)subhalos, and sometimes even a fourth
generation. The bottom panels show an example of such a situation. The subhalo shown on the bottom left contains another subhalo
(circled) which is really made up of two main components and several smaller ones (bottom, second from left). The smaller of the
two components is a third generation substructure (bottom, third from left) which itself contains three subhalos which are thus fourth
generation objects (bottom right).

c" 0000 RAS, MNRAS 000, 000–000

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!.

Via Lactea II Aqarius

Diemand et al., Nature 454, 735 (2008) Springel et al., MNRAS 391, 1685 (2008)



Anisotropy from MW subhalos

• Angular power spectrum from 
MW subhalos has been studied 
using simulated gamma-ray map

Siegal-Gaskins (2008); Fornasa et al. (2009)

• Subhalo anisotropies are 
characteristic and large

• But how do we extract physics 
information from data?

• It’s hard to do that by this 
approach

• We do need analytic approach!

Anisotropies from dark matter substructure 11

Figure 3. Gamma-ray intensity maps as in Figure 2 for realizations of
substructure in the anti-biased radial distribution. The subhalos in these maps
are typically much fainter than those in Figure 2: note that the color scale for
these maps is shifted down one order of magnitude relative to the scale in Figure 2.
In contrast to the maps of the unbiased radial distribution, the subhalos appear
roughly isotropic.

anti-biased distribution the flux is of roughly the same intensity as the mean halo
emission in those regions. If the subhalo mass function extends to masses several
orders of magnitude lower than the 10 M! case shown here, as predicted for CDM,
the di!use emission for both radial distributions would be enhanced. This possibility
is discussed in §5.

This comparison with the smooth halo emission can be intuitively extended to
other choices for the subhalo model. Since for a given Mmin a larger !m produces
a realization with more subhalos, the mean map intensity increases or decreases
according to the slope of the subhalo mass function. Naturally, a larger Mmin

corresponds to fewer subhalos, and hence a smaller mean map intensity. Of course,

Anisotropies from dark matter substructure 13

Figure 5. Angular power spectrum of gamma-ray emission from dark matter
substructure for minimum subhalo masses Mmin = 107 M! and 10 M! for the
unbiased radial distribution and !m = 0.9. The angular power spectrum of the
smooth halo emission (dashed line) is shown for reference.

5. The angular power spectrum

I calculate the angular power spectrum of gamma-ray emission using the HEALPix¶
package [76]. The emission maps are generated using the HEALPix resolution
parameter Nside = 4096 which corresponds to a map with Npix = 12N2

side ! 2"108

pixels, and angular resolution !pix = 0.0143!, almost an order of magnitude smaller
than Fermi’s target angular resolution for E >10 GeV. These parameters are chosen
to ensure that the window function of the map does not a"ect the predicted angular
power spectrum in the multipole range accessible to the experiment.

The dimensionless quantity !I(") # (I(") $ %I&)/%I& is defined as a function on
the sphere describing the fluctuation in intensity I in a direction ", normalized to the
mean intensity of the map %I&. The angular power spectrum of !I(") is given by the
coe#cients C! = % |a!m|2&, with the a!m determined by expanding !I(") in spherical
harmonics, !I(")=

!

!,m a!mY!m(").
The measured power spectrum C! is the sum of the power spectra of the signal

Cs
! from Galactic dark matter substructure and the background Cb

! , weighted by their
relative intensities squared:

%Itot&
2C! = %Is&

2Cs
! + %Ib&

2Cb
! , (10)

where %Itot& = %Is&+ %Ib&. This relation assumes the signal and background are
uncorrelated (i.e., %|as

!m+ab
!m|2&=%|as

!m|2&+%|ab
!m|2&). In the case considered here, Cb

!

is the power spectrum of the extragalactic gamma-ray background and any sources of
Galactic gamma-ray emission other than dark matter substructure.

¶ http://healpix.jpl.nasa.gov

Siegal-Gaskins, JCAP 10, 40 (2008)



Approach in this work
Angular power spectrum, Cl



Approach in this work

N-body simulations

Subhalo properties
- Mass function
- Spatial distribution
- Density profile, etc.

Angular power spectrum, Cl

N-body works



Approach in this work

N-body simulations

Subhalo properties
- Mass function
- Spatial distribution
- Density profile, etc.

Simulated gamma-ray all-sky map

Angular power spectrum, Cl

N-body works



Approach in this work

N-body simulations

Subhalo properties
- Mass function
- Spatial distribution
- Density profile, etc.

Simulated gamma-ray all-sky map

Angular power spectrum, Cl

N-body works

Siegal-Gaskins (2008)
Fornasa et al. (2009)



Approach in this work

N-body simulations

Subhalo properties
- Mass function
- Spatial distribution
- Density profile, etc.

Simulated gamma-ray all-sky map

Angular power spectrum, Cl

N-body works

Siegal-Gaskins (2008)
Fornasa et al. (2009)

This work



Approach in this work

N-body simulations

Subhalo properties
- Mass function
- Spatial distribution
- Density profile, etc.

Simulated gamma-ray all-sky map

Angular power spectrum, Cl

Actual gamma-ray map

Fermi

N-body works

Siegal-Gaskins (2008)
Fornasa et al. (2009)

This work



2. Formulation
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Halo model

• Analytic prescription to get matter/galaxy power spectrum including 
nonlinear regime

Seljak 2000; Cooray & Sheth 2002

• Procedure

1. Distribute halo seeds following 
linear matter power spectrum

2. Surround each halo by NFW 
density profile

3. Evaluate <δ(x)δ(y)> as a function 
of r = |x−y|

There are 1-halo and 2-halo 
terms

4. Go to Fourier space to get P(k)

r

1h

2h



Power spectrum by halo model

• Halo model provides 
good fit to the 
nonlinear power 
spectrum

• 1-halo term 
dominates at small 
scales (large k)

Pdm(k) = P hh
dm(k) + PP

dm(k). (11)

To complete the calculation we need to model the dependence of c on M . We will parametrize it as

c = c0(M/M!)
! . (12)

Typical values for c0 are around 10 at the nonlinear mass scale for ! = !1 profile [9,25] and about a third lower
for ! = !1.5 profile [21]. Numerical studies also show that the concentration decreases slowly with the halo mass,
making " negative.

Figure 1 shows the individual contributions and the sum in comparison to the linear power spectrum and the
nonlinear prediction from [31] (PD). In top of the figure we used ! = !1.5 and c(M) = 6(M/M!)"0.15. The latter fits
the concentration mass dependence given in [21]. Note that for consistency with [21] we use #vir = 200 in this case as
opposed to #vir = 340. In bottom of the figure we used the ST mass function and ! = !1 with c(M) = 10(M/M!)"0.2,
which is somewhat steeper than numerical studies predict [25] as discussed below. The agreement in both cases is
quite remarkable given the simple nature of the model. It correctly predicts the transition between the linear and
nonlinear power spectrum, as well as reproduces well the slope at higher values of k. This shows that given a suitable
choice of c(M) both models can reproduce the nonlinear power spectrum. Conversely, the slope of the power spectrum
at high k is not directly determined by the inner slope of dark matter profiles, at least if the inner profiles are shallower
than ! = !1.5.

FIG. 1. Comparison between the power spectrum predicted with our model and the PD nonlinear power spectrum for
!CDM model. Also shown are the linear power spectrum and the two individual contributions, P P and P hh. Top is the
α = !1.5 profile, bottom is α = !1. Other parameters are given in the text.

In the case of ! = !1 profile the best fitted value for c0 = 10 agrees well with [25,9], while " " !0.2 is somewhat
lower than " = !0.07 [9] and " = !0.13 [25]. If one adopts such shallow dependence of c(M) with " " !0.1 then
for k > 10hMpc"1 the predictions of the model are systematically below the PD model. Before concluding that
this is caused by the galactic halos not being su!ciently compact we must investigate the possibility that the mass
function is underestimated at small masses. Replacing ST with PS does not significantly a"ect the results. However,
both PS and ST assume that each mass element belongs to only one halo, counting only the isolated halos. This

4

Seljak., MNRAS 318, 203 (2000)

1h
2h

Linear



Apply halo model to DM subhalos

DM power 
spectrum

Gamma-ray 
background anisotropy

Seed distribution Follows linear 
spectrum

Distribution given in 
simulations

Correlating 
quantity ρ L ∝ ρ2

Density profile of 
each halo/subhalo

NFW Truncated NFW



Angular power spectrum: Formulae
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Angular power spectrum: Formulae
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This 2sh term only depends on subhalo distribution within the host



3. Subhalo models



Distribution, density profile, and particle physics parameters

• Follows Springel et al. (2008) for distribution and density profile 
of subhalos

• Use “canonical” particle physics parameters
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Figure 10. Cumulative subhalo abundance as a function of max-
imum subhalo circular velocity in units of the circular velocity of
the main halo at r50. We show results for all 6 of our halos at
resolution level 2, and in addition we include our highest res-
olution result for the Aq-A-1 run. For comparison, we overplot
fitting functions for the Via Lactea I and Via Lactea II simula-
tions (Diemand et al., 2007a, 2008), appropriately rescaled from
a normalization to Vmax,host to one by V50,host.

the di!erent subhalo detection algorithms used in our two
projects.

We do not think that this discrepancy can be explained
by halo-to-halo scatter since it is much larger than the vari-
ation in substructure abundance among our own sample of
halos. This is demonstrated in Figure 10, which shows the
cumulative subhalo abundance distributions within r50 as a
function of maximum subhalo circular velocity for all our
resolution level 2 halos. We plot subhalo count against sub-
halo maximum circular velocity normalized to V50, the cir-
cular velocity of the main halo at r50. Because the slope of
the abundance curve is very close to !3, this is equivalent
to plotting subhalo count normalized by the total parent
halo mass within r50 (which is proportional to V 3

50) against
subhalo maximum circular velocity. There is remarkably lit-
tle scatter between our simulations when normalized in this
way; the rms scatter in amplitude in the power-law regime
is around 10%. The figure also shows the substructure abun-
dance reported for the Via Lactea I (dashed) and II (dotted)
simulations (Diemand et al., 2007a, 2008), after rescaling to
the normalization we prefer here.‡. There is a di!erence of
a factor of 3.1 between the mean abundance of small subha-
los in our simulations and in ‘Via Lactea I’. The Diemand
et al. (2008) abundance for Via Lactea II di!ers substan-
tially from that for Via Lactea I and is much closer to our

‡ Note that V50,host unambiguously characterizes the enclosed
mass within r50, the region in which subhalos are counted. This
is not the case for Vmax,host, the velocity scale chosen by Die-
mand et al. (2008), because it is additionally a!ected by halo
concentration.
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Figure 11. Subhalo number density profiles for di!erent sub-
halo mass ranges in the Aq-A-1 simulation. In the top panel, the
number density profiles for 5 logarithmic mass bins are shown,
normalized to the mean number density within r50 (vertical
dashed line). The profile shape appears independent of subhalo
mass, and is well fit by an Einasto profile with ! = 0.678 and
r!2 = 199 kpc = 0.81 r200. The bottom panel shows the number
fraction of subhalos per logarithmic interval in radius, on a linear-
log plot. The area under the curves is proportional to subhalo
number, showing that most subhalos are found in the outermost
parts of the halo.

results. Nevertheless, the abundance of small subhalos in
Via Lactea II is still 31% lower than the mean for our set of
6 halos, which is more than three times the rms scatter in
abundance between our halos.

These results lead us to disagree with the assertion by
Madau et al. (2008) and Diemand et al. (2008) that di!er-
ences of this magnitude lie within the halo-to-halo scatter.
Instead, the substantial di!erence between ‘Via Lactea I’
and Via Lactea II’ must have a systematic origin. We also
think it unlikely that the higher abundance in our simu-
lations reflects the small di!erences in the background cos-
mology assumed in the two projects, as suggested by Madau
et al. (2008), even though this is a possibility we cannot ex-
clude. For example, the Via Lactea simulations assumed a
lower value for !8 than we used, and we believe that lower-
ing !8 should result in slightly more substructure in objects

c! 0000 RAS, MNRAS 000, 000–000
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Figure 22. Subhalo density profiles for nine di!erent subhalos in the Aq-A halo, simulated with varying resolution. The profiles show
the bound mass only and are drawn with thick lines for the radial range where convergence is expected, based on the criterion of Power
et al. (2003). They are continued with thin lines down to the scale 2 !. Vertical dashed lines mark the radii where the force law becomes
Newtonian (2.8 !). The dot-dashed purple line in each panel is the density profile of all the mass around the subhalo’s centre (i.e. including
unbound mass). The thin black line shows a fit with the Einasto profile. The labels in each panel give the maximum circular velocity,
mass, and distance d to halo centre for each subhalo. " is the shape parameter of the Einasto profile, which we here allowed to vary
freely in our fits.

Our best resolved subhalos in the Aq-A-1 simulation contain
more than 10 million particles, allowing a relatively precise
characterization of their density profiles. Until recently, such
particle numbers represented the state-of-the-art for simu-
lations of main halos.

In Figure 22, we show spherically averaged density pro-
files for 9 subhalos within the Aq-A halo. For each we com-
pare up to 5 di!erent resolutions, covering a factor of ! 1835
in particle mass. The density profiles line up quite well out-
side their individual resolution limits, as predicted by the
convergence criterion of Power et al. (2003) in the form given
in equation (3). Individual profiles in the panels are plotted
as thick solid lines at radii where convergence is expected
according to this criterion, but they are extended inwards

as thin lines to twice the gravitational softening length (the
gravitational force is exactly Newtonian outside the radii
marked by vertical dashed lines). These density profiles are
based on particles that are gravitationally bound to the sub-
halos, but for comparison we also show a profile for each
subhalo that includes all the mass (i.e. including unbound
particles; thick dashed lines). It is clear that the background
density dominates beyond the ‘edge’ of each subhalo. It is
therefore important that this region is excluded when fitting
analytic model density profiles to the subhalos.

In making such fits, we restrict ourselves to the radial
range between the convergence radius (equation 3) and the
largest radius where the density of bound mass exceeds 80%
of the total mass density. The density profiles themselves are

c! 0000 RAS, MNRAS 000, 000–000

!!v" = 3 # 10!26 cm3 s!1, m! = 100GeV



Luminosity-weighted mass function

• Mass function is M−1.9

• According to Springel et 
al. prescription, L ∝ M0.77

• Smaller subhalos 
contribute more to the 
gamma-ray intensity

• Subhalos are much more 
luminous than field halos 
of the same mass

Resolution 
limit



Angular power spectrum: Formulae

C! = C1sh
! + C2sh

!

C1sh
! =

1

16!2!I"
2

!
dLL2

!
ds

ds

s2

dn̄sh(s, L)
dL

""""ũ
#

"

s
,M

$""""
2

C2sh
! =

1 + !sh

4"!I"
2

!
dn̂1

!
dn̂2!I(n̂1)"!I(n̂2)"P!(n̂1 · n̂2)

Luminosity function

Fourier transform 
of luminosity profile

This 2sh term only depends on subhalo distribution within the host



4. Results



Angular power spectrum

• Mmin = 10−6 Msun

• 1sh term dominates at 
smaller scales

• Fermi’s angular resolution 
corresponds to l ~ 1000

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

Ando, arXiv:0903.4685 [astro-ph.CO]



Contributions from mass, radius range

Typical subhalo extension:

!"s =
rs(!M")

!s" =

!
"

#

6.6! (# = 10)
3.9! (# = 100)
1.9! (# = 1000)

They are extended for Fermi



Detectability

• Consider blazar (Poisson-like power spectrum) as background

• Good chance to detect dark matter if 50:50 mixture

Ando, arXiv:0903.4685 [astro-ph.CO] Ando et al., Phys. Rev. D 75, 063519 (2007)

Blazar



Dependence on minimum mass

• If Mmin = 104 Msun, we get larger anisotropies

• Even with 10%, dark matter component can be easily detected

Ando, arXiv:0903.4685 [astro-ph.CO]



Parameters for anisotropy detection

• Even the subhalo contribution is 
subdominant in the mean intensity, 
it can excel in the anisotropy

• This could provide stronger probe 
of subhalos than detection as single 
gamma-ray sources

A1 A2 

Ish / Iobs 0.24 0.038

Boost 13 53

Associated Nsh 0.64 4.0
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• We developed analytic approach to compute the angular power 
spectrum of the gamma-ray background from dark matter 
substructure

• Enabling to extract physics information directly

• If smallest subhalo is of Earth-mass scale, we need this component 
to be ~24% of the mean intensity to be detected in anisotropy

• This requires boost factor of 13 compared with “canonical” 
choice of particle physics parameters

• If the mass of the smallest subhalos is around 104 Msun, fraction to 
the mean intensity could be as small as ~4%

• But we need larger boost, ~50

• Anisotropy might be stronger probe of subhalos than detection as 
individual gamma-ray sources


