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Fermi observatory
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Launch 11 June, 2008.

Key features:
✴ large field of view:  LAT: 20% of the sky at any 
instant. In the survey mode exposes every part of 
the sky for ~30 min, every 3 hours. GBM: full 
unocculted sky  at any time.

Two instruments:

✴energy range: 20 MeV to 
>300 GeV (LAT), includes 
previously unexplored 
energy band 10-100 GeV.

Lifetime: 5 yr (min)
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Fermi observatory
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Launch 11 June, 2008.
Science with Fermi:
✴ AGNs (~700 + discovery of 2 Star Burst 
Galaxies; (EGRET ~60))
✴ Pulsars ( ~50 in a first catalog+discovery 
of ~10 MSPs)
✴ SNRs and PWN
✴ Gamma Ray Bursts
✴ Source populations and identification
✴ Diffuse emission
✴ Cosmic ray electrons
✴ Solar system (Sun flares, Moon,...)

+ Discovery/constraints:
✴ New source classes?
✴ Dark matter?

Lifetime: 5 yr (min)



~80% OF THE MASS IN THE UNIVERSE IS “DARK”.

STRUCTURES FORMED THROUGH GRAVITATION PULL OF DARK 
MATTER, ON THE SEEDS FROM INITIAL QUANTUM OVERDENSITIES 

IN THE INFLATON FIELD -- FOCUS IN THIS TALK ON CDM 
COSMOLOGY.

WIMP PARADIGM: THE 
ANNIHILATION RATE COMES 
PURELY FROM PARTICLE 
PHYSICS AND AUTOMATICALLY 
GIVES THE RIGHT ANSWER FOR 
THE RELIC DENSITY! 
IN TURN, WE EXPECT DARK 
MATTER TO ANNIHILATE TO 
STANDARD MODEL PARTICLES.  
THAT IS HOW WE HOPE TO 
DETECT IT... 
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Advantage of gamma-rays: propagation not 
affected by the Galaxy. 
Can give a specific signature both in spatial 
variation (line-of-sight cone) and spectral shape. 

INDIRECT DARK MATTER DETECTION IN 
GAMMA RAYS

✴<v>, fixed by measured DM 
density today (for a thermally 
decoupled relic).
✴dN/dE fixed by particle physics
✴   - from N-body simulations; 

Flux of gamma rays produced in DM annihilations:

Bergstrom, L., talk at DM2010.

Idea: measure d/dE, and under 
assumptions for DM density 
distribution, constrain particle 
physics. 
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Prompt (direct) radiation:

continuum spectra: 

line:

final state radiation:

through radiative processes:

How are DM  ray fluxes 
produced?

5

Dominant production 
for DM annihilating 
to quarks and gauge 
bosons (i.e. SUSY) .

Important if 
there is a 
significant 
branching to 
leptons.

Loop suppressed, but 
unique, smoking gun, 
signature.
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PROMPT GAMMAS

1) DM annihilation dominantly to 
quarks/gauge bosons:  (SUSY, Universal Extra 
Dimensions, Little Higgs models) mainly produces direct 
(prompt) gamma radiation. All channels produce 
relatively similar spectra, mostly due to hadronization 
and pion decay. 

Spectra (dN/dE):

W, Z, b, t, h

e



µ

Cirelli, M. et al, Nucl.Phys.B813:1-21,2009.
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2) DM annihilation dominantly to 
leptons : 
introduced somewhat ad hoc from the particle physics 
side, typically invoked to explain cosmic ray 
measurements.

NOTE: in this type of models DM cross section has to be ~100, 1000 times stronger than the 
standard value (could be achieved, for example,  thorough Sommerfield enhancement...). 

ELECTRON SPECTRA

Spectra (dN/dE):

Bergstrom, L., Edsjo, J., GZ, Phys.Rev.Lett.103:031103,2009.

GAMMA RAY SPECTRA

Papucci, M. et al, arXiv:0912.0742
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High energy (>~1 GeV) gamma rays are most 
importantly produced by Inverse Compton scatter 
of these electrons on the CMB, starlight or Infrared 
photons.
For example, in our galaxy, those electrons would 
diffuse out of the Galactic Center (where their 
density is the highest) and produce extended 
gamma ray emission in inverse scattering, of 
starlight photons.

USUAL GALACTIC DIFFUSE SIGNAL

GALACTIC DIFFUSE+DM->MU MU

Cuoco, A. et al, Astrophys.J.699:L59-L63,2009

2) DM annihilation dominantly to 
leptons : 
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3) DM annihilations 
into two photons, or 
gamma Z 

Gustafsson, M. et al, Phys.Rev.Lett.99:041301,2007

In general line signature is loop 
suppressed (DM has charge zero 
and doesn’t couple to photons 
directly) b~10-3. In some models, 
however, this branching can be 
enhanced, for example if the Z’ is 
the only portal to SM particles, as 
in the case of Dirac DM, 
discussed in “Higgs in space!”. Jackson, C.B. et al, arXiv: 0912.0004

Spectra (dN/dE):



117

However, 
✴Do not resolve the inner most region of the halo (<~100 pc);
✴They have also limited mass resolution to >~105 Msol (sub) halos.
✴the highest resolution simulations do not typically include interaction with baryons 
(which e.g. in the Galactic Center might play an important role!); 
Related uncertainties in estimating the DM signal can be ~ order(s) of 
magnitude.

Obtained from N-body 
simulations which find cuspy 
host halos (NFW or Einasto 
DM density profile) with 
numerous subhalos (which 
themselves contain 
subhalos...). 

N-body simulations have 
impressive agreement with 
large scale structures.Springel, V. et al, Mon.Not.Roy.Astron.Soc.391:1685-1711,2008.

Dark matter profile ():



Dark matter distribution
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DM signal depends on 2, and therefore is very sensitive to the DM profile. 
Some targets, which mainly probe outer regions of DM halos (e.g. dwarf galaxies, 
Galactic Halo...) are less sensitive to the actual profile shape, while for some (e.g. GC) 
it is the main source of uncertainty...

Inner region of a halo is largely unresolved...

Springel, V. et al, Mon.Not.Roy.Astron.Soc.391:1685-1711,2008.



1451 sources in first Fermi LAT source catalog (11 months)
57% of the sources have positional associations, mostly with blazars and 

pulsars
small number of other sources: PWN, SNR, straburst galaxies, ...
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THE FERMI GAMMA RAY SKY



GALACTIC CENTERSATELLITES

GALAXY CLUSTERSSPECTRAL LINE SEARCH

GALACTIC DIFFUSE 
HALO
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THE FERMI DM SEARCH STRATEGIES

EXTRAGALACTIC DIFFUSE 
SIGNAL

Murgia, S., talk at APS, 2010.



Search for DM in the Isotropic diffuse signal - THE SIGNAL

 - RESIDUAL COSMIC RAYS (SURVIVING 
BACKGROUND REJECTION FILTERS) 
- MISS-RECONSTRUCTED GAMMAS FROM 
THE EARTH’S ALBEDO
- AND ISOTROPIC DIFFUSE EMISSION!

THERE ARE MANY CONTRIBUTIONS TO 
THE GAMMA RAY FERMI SKY:
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Ackermann, M., talk at TeVPa, 2009.
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Search for DM in the Isotropic diffuse signal - THE SIGNAL

Abdo, A. et al., Phys.Rev.Lett.104:101101,2010.
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What makes the GeV extragalactic signal?

Dark matter annihilation in 
all halos at all redshifts 
should contribute, too.

Guaranteed 
contribution: 
unresolved 
extragalactic 
sources: blazars (AGNs 
with jets aligned with out line of 

sight), star forming 
and star burst 
galaxies... 

Search for DM in the Isotropic diffuse signal 

Fermi-LAT collaboration, JCAP 1004:014,2010.
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DM cosmological  signal
Ullio et al., Phys.Rev.D66:123502,2002.
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Enhancement of the annihilation signal due to structure formation (~2)!

Halo mass function (number density of halos of a given mass)
f() calculated as in Sheth and Tormen formalism 

Enhancement (~2) for halos of a fixed mass M. 
Depends on the profile (NFW, Moore, ...), concentation parameter c(M,z) and its scatter P(c).  

DM cosmological  signal
Ullio et al., Phys.Rev.D66:123502,2002.Semi-analytic approach:
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DM spectra, calculated at energy of emission E=E0(1+z). 
E0 is redshifted, measured energy, at z=0.

DM cosmological  signal
Ullio et al., Phys.Rev.D66:123502,2002.Semi-analytic approach:
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Absorption of high energy photons on the Extra Galactic Background 
Light.

DM cosmological  signal
Ullio et al., Phys.Rev.D66:123502,2002.Semi-analytic approach:



2(z) - enhancement of annihilation flux due to 
the formation of gravitational structures
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We use results of Millennium 
simulation II, as well as “semi-
analytical approach” described on 
previous slides and tuned to 
simulations. 

The most critical point is the
mass resolution: the smallest 
resolution, at z=0 in simulations is 
>~105 Msol,(Aquarius), while DM is 
expected to form halos down to ~10-6 
Msol (free streaming length). 

2(z)

Zavala, J., et al., MNRAS 405, 1, 593-612
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EXTRAPOLATION BELOW THE MASS RESOLUTION OF SIMULATIONS:

In the semi-analytic approach: 
physically motivated 
dependence of concentration 
parameter with red shift:

Results of Millennium Simulation II: 
power law extrapolation to lower 
masses. 
However, a scatter in power law slope 
carefully checked, in the case of 
substructures. 

Ullio et al., Phys.Rev.D66:123502,2002.

Zavala, J., et al., MNRAS 405, 1, 593-612

Bullock et al., Mon.Not.Roy.Astron.Soc.
321:559-575,2001

Eke et al., Astrophys. J. 554, 114 (2001). 

The dominant contribution to ∆2 
comes from very small halos!
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THE MOST OPTIMISTIC EXTRAPOLATION FROM MSII, 10-6 Msol 

SEMI ANALYTICAL CALCULATION,  105 Msol 

Abdo, A. et al., JCAP 1004:014,2010.

2(z) - enhancement of annihilation flux due to 
the formation of gravitational structures

2(z)
Conservative 
extrapolation from 
Millennium simulation II, 
and “semi-analytical 
approach” agree well in 
predicted fluxes.

Ongoing effort to minimize 
this uncertainty: by using 
the “semi analytical” 
approach, together with 
the most recent N-body 
simulations.
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Measurement of local EBL as well as 
modeling of red shift evolution of EBL 
is very challenging!

We use the most recent results of the 
Semi-Analytic Model by
Primack, Gilmore, Somerville, 
arXiv: 0811.3230. 

It treats evolution of AGN, black holes, 
and galaxies in ΛCDM framework 

High energy photons scatter with Extra 
galactic Background Light (from the UV 
to far-IR), and get attenuated through 
electron pair production. 

e- - absorption of photons 
along the line of sight

Gilmore, R., talk at TeVPa, 2009.
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Comparison of the most recent 
modeling (Gilmore et al., 
arXiv:0905.1144) with the 
older, commonly assumed 
absorption model (Stecker et 
al.,astro-ph/0510449 ), which 
over predicts the absorption.

Notice: dominant contribution 
to the signal comes only from 
z<~2.

Abdo, A. et al., JCAP 1004:014,2010.

e- - absorption of photons 
along the line of sight



Particle physics models
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- DM annihilating dominantly to 
quarks and gauge bosons ( we 
choose bbar channel); photons 
produced in hadronization and 
pion decay of final products.

- DM annihilating to muons: GeV 
photons produced in inverse 
Compton scatter off of the CMB 
photons + Final State Radiation at 
higher energies.

- potential line signature, at DM 
mass. NOTE: the absorption affects the high energy end of 

the signal.

Abdo, A. et al., JCAP 1004:014,2010.



Search for DM in the Isotropic diffuse signal - backgrounds 

Cosmic gamma rays from AGNsAGNs have been the favored candidates, (the 
brightest extragalactic sources in the gamma-
ray sky). 
However, based on Fermi measurement of 
blazar luminosity function, -> they can 
make up maximally 30% of the 
extragalactic signal.

Star Forming Galaxies (like our own): based 
in part on the Fermi measurement of the Galactic 
diffuse emission, Fields et al.  conclude that SFG 
could make up most of the extra galactic 
signal at lower energies.

Fermi-LAT collaboration, arxiv:1003.0895., submitted JCAP.

Fields et al., arxiv:1003.3647.



Cosmological DM signal can be very constraining. 
The isotropic flux should get lower as Fermi continuos to resolve more extra galactic sources 
-> increased sensitivity for DM searches.
Current work to minimize/quantify uncertainty due to limited mass resolution of N-body simulations. 
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Search for DM in the Isotropic diffuse signal - constraints 
Fermi-LAT collaboration, JCAP 1004:014,2010.
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Cosmological DM signal can be very constraining. 
The isotropic flux should get lower as Fermi continuos to resolve more extra galactic 
sources, -> increased sensitivity for DM searches.
Current work to minimize/quantify uncertainty due to limited mass resolution of N-body simulations. 

leptonic DM models

Search for DM in the Isotropic diffuse signal - constraints 
Fermi-LAT collaboration, JCAP 1004:014,2010.



Comparison: muon 
channel

31

Dwarf galaxies are smaller objects and electrons diffuse before scattering. Galaxy 
clusters pose stronger limits on this channel, similar to the extragalactic benchmark 
model.

Abdo, A. et al., JCAP 1005:025,2010Abdo, A. et al., Astrophys.J.712:147,2010



DM in the Milky Way halo
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While looking at the Extra 
Galactic signal we are looking 
through the DM annihilation 
haze from our halo!

Milky Way halo is expected to 
produce ISOTROPIC signal due 
to the annihilation is MW 
subhalos.

MW host halo would produce 
bright ANISOTROPIC signal 
(following DM profile) in 
annihilations in the host MW 
halo - possibly dominant 
compared to the extragalactic 
signal.

Abdo, A. et al., JCAP 1004:014,2010.
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The relative size of these three 
contributions is not uniquely 
determined.

Next step: considering self 
consistently galactic and 
extragalactic signal should 
give a more robust handle on 
the size of the expected signal.

Abdo, A. et al., JCAP 1004:014,2010.

DM in the galactic halo
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Outlook

34

•   Lots of work still ahead! Fermi is a 5-10 year mission... 

•   Extragalactic signal has a significant potential for DM 
searches. Better modeling of the background (blazar and 
other potential contributions), as well as improvement in N 
body simulations and their application, crucial to 
constrain/discover DM (inclusion of effects of baryons 
needed, too).

•   galactic and extragalactic DM+astrophysical signal fit 
to the full sky data, natural and needed next step.

•   (hints from other experiments (direct detection, LHC) 
Would significantly  increase detection prospects. ) 



Extra slides
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EGB radiation from dark matter annihilation 7

We note that recent analyses on the cosmic-ray
anomalies as measured by PAMELA and FERMI favour
higher neutralino masses (∼ 1 TeV) when these anoma-
lies are explained mainly by dark matter annihilation (e.g.
Bergström et al. 2009). However, it is important to keep in
mind that other astrophysical sources, such as pulsars and
supernovae remnants, are expected to have a meaningful
contribution to the solution of the cosmic ray anomalies. At
present, these experiments are only suggestive of dark mat-
ter particles in the TeV range, not definite. Our goal is to
give an account of the general features of the gamma-ray
spectrum from annihilation and their imprint on the EGB.
For this purpose, our fiducial model with mχ ∼ 200 GeV is
adequate. Models with higher masses would shift the energy
scale to higher values, but our general conclusions would
remain unaltered.

4 GAMMA-RAY LUMINOSITY FROM
ANNIHILATION IN HALOES AND
SUBHALOES: THE ASTROPHYSICAL
FACTOR

In this section we analyse the astrophysical part of the anni-
hilation gamma-ray flux, arising from the clustering of dark
matter into haloes and subhaloes across cosmic time. To this
end we analyse the dark matter haloes in one of the most
recent state-of-the-art cosmological N-body simulations.

Specifically, we use the “Millennium-II” simulation
(MS-II) of Boylan-Kolchin et al. (2009) which has the
same particle number (21603) and cosmological parameters
(Ωm = 0.25, ΩΛ = 0.75, h = 0.73, σ8 = 0.9 and ns = 1,
where Ωm and ΩΛ are the contribution from matter and
cosmological constant to the mass/energy density of the
Universe, respectively, h is the dimensionless Hubble con-
stant parameter at redshift zero, ns is the spectral index
of the primordial power spectrum, and σ8 is the rms am-
plitude of linear mass fluctuations in 8 h−1Mpc spheres at
redshift zero) as the Millennium simulation (MS-I) (Springel
2005) but with a box size that is 5 times smaller, equal to
L = 100 h−1Mpc on a side, thus having a mass resolution
of 6.89× 106 h−1M", 125 times smaller than in MS-I. Typ-
ical Milky-Way sized haloes are resolved with several 105

particles, while clusters of galaxies have about 50 million
particles.

For the dynamical evolution of the MS-II, a fixed co-
moving gravitational softening length of ε = 1 h−1kpc
(Plummer-equivalent) was used. The MS-II was processed
on-the-fly to find haloes using a friend-of-friends (FOF) al-
gorithm, followed by a post-processing step to identify gravi-
tationally bound dark matter substructures down to a limit
of 20 particles within each group based on the SUBFIND

algorithm (Springel et al. 2001). A given FOF halo is de-
composed by SUBFIND into disjoint subgroups of self-bound
particles. The most massive of these subgroups represents
the “main” or “background” halo of a given FOF halo (see
Fig. 3 of Springel et al. 2001). For the reminder of this work
we will refer to these subgroups as main haloes or simply
haloes, and to the rest of the identified subgroups of a given
FOF halo as subhaloes of that main halo. SUBFIND also
computes several properties for each subgroup; the ones we
will use extensively in this work are Vmax and rmax, the max-

imum circular velocity of a (sub)halo and the radius where
this maximum is attained. We also use r1/2, the radius which
encloses half of the mass of a subhalo, and r200, the radius
where the mean density of a main halo is 200 times the mean
background matter density.

Even with the large particle number available in the
MS-II simulation, it is important to note that a direct eval-
uation of halo luminosities by estimating local dark matter
densities at the positions of each simulation particle (for
example based on the SPH kernel interpolation technique)
would be seriously affected by resolution limitations. This
is because most of the emission originates over a tiny ra-
dial region, close to the very centre of a halo, where the
density is easily underestimated even for otherwise well re-
solved structures. In fact, it requires of order 108 − 109 par-
ticles to obtain a converged estimate of the emission from
the smooth part of a cuspy dark matter halo in a brute-
force approach (Springel et al. 2008). On the other hand, it
is numerically very much easier to resolve the existence of a
halo or subhalo, and to accurately estimate its total mass,
as well as its primary structural properties such as Vmax

and rmax. Our strategy will therefore be to adopt an ana-
lytic fit for the density profile of each detected dark matter
halo and to predict its expected emission by integrating this
profile. In other words, we will use the scaling relation (5)
to compute L′

h for main haloes and subhaloes alike. Since
Vmax and rmax can be measured reasonably accurately even
for poorly resolved haloes, this gives us a reliable account-
ing for the total emission of all haloes down to a fairly low
mass limit. Importantly, we can completely avoid in this way
to introduce strong mass-dependent resolution effects in our
measurements of luminosity as a function of halo mass.

For simplicity, we shall assume that all haloes have a
NFW structure, where the local logarithmic slope of the
density profile tends asymptotically to −1 for small radii,
even though the Aquarius project, a recent set of simula-
tions aimed at following the formation of MW-sized haloes
at different mass resolutions, demonstrated that the Einasto
profile provides an even better fit (Navarro et al. 2009), a
finding that is also supported by the independent ‘GHALO’
simulation (Stadel et al. 2009). In the Einasto profile, the
local logarithmic slope of the density profile changes with ra-
dius according to a power law with exponent αsh (typically
called shape parameter). According to the Aquarius project,
αsh is of the order 0.16 − 0.17 and varies from halo to halo
(Navarro et al. 2009). Previously, Gao et al. (2008) found a
dependence on halo mass for the value of the shape param-
eter (going from 0.16 for galaxy-haloes to 0.3 for massive
clusters). However, for the purposes of our work, the NFW
profile is a good enough approximation and using it sim-
plifies comparisons to a number of results in the literature.
In any case, we note that using the Einasto profile (with
a typical shape parameter of 0.17) instead would increase
our results for the fluxes by ∼ 50%. This value changes only
very slightly over the range of values for αsh found for dark
matter haloes. Such an uncertainty on the dark matter den-
sity profile is considerably lower than others in our analysis,
namely, the photon spectrum from annihilation (see Fig. 2)
and the contribution from unresolved haloes and subhaloes
(see sections 5.3 and 5.4).

Nevertheless, it is important to take into account the
impact of finite numerical resolution in the measured val-

c© 0000 RAS, MNRAS 000, 000–000

EGB radiation from dark matter annihilation 7

We note that recent analyses on the cosmic-ray
anomalies as measured by PAMELA and FERMI favour
higher neutralino masses (∼ 1 TeV) when these anoma-
lies are explained mainly by dark matter annihilation (e.g.
Bergström et al. 2009). However, it is important to keep in
mind that other astrophysical sources, such as pulsars and
supernovae remnants, are expected to have a meaningful
contribution to the solution of the cosmic ray anomalies. At
present, these experiments are only suggestive of dark mat-
ter particles in the TeV range, not definite. Our goal is to
give an account of the general features of the gamma-ray
spectrum from annihilation and their imprint on the EGB.
For this purpose, our fiducial model with mχ ∼ 200 GeV is
adequate. Models with higher masses would shift the energy
scale to higher values, but our general conclusions would
remain unaltered.
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Universe, respectively, h is the dimensionless Hubble con-
stant parameter at redshift zero, ns is the spectral index
of the primordial power spectrum, and σ8 is the rms am-
plitude of linear mass fluctuations in 8 h−1Mpc spheres at
redshift zero) as the Millennium simulation (MS-I) (Springel
2005) but with a box size that is 5 times smaller, equal to
L = 100 h−1Mpc on a side, thus having a mass resolution
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(Plummer-equivalent) was used. The MS-II was processed
on-the-fly to find haloes using a friend-of-friends (FOF) al-
gorithm, followed by a post-processing step to identify gravi-
tationally bound dark matter substructures down to a limit
of 20 particles within each group based on the SUBFIND

algorithm (Springel et al. 2001). A given FOF halo is de-
composed by SUBFIND into disjoint subgroups of self-bound
particles. The most massive of these subgroups represents
the “main” or “background” halo of a given FOF halo (see
Fig. 3 of Springel et al. 2001). For the reminder of this work
we will refer to these subgroups as main haloes or simply
haloes, and to the rest of the identified subgroups of a given
FOF halo as subhaloes of that main halo. SUBFIND also
computes several properties for each subgroup; the ones we
will use extensively in this work are Vmax and rmax, the max-

imum circular velocity of a (sub)halo and the radius where
this maximum is attained. We also use r1/2, the radius which
encloses half of the mass of a subhalo, and r200, the radius
where the mean density of a main halo is 200 times the mean
background matter density.

Even with the large particle number available in the
MS-II simulation, it is important to note that a direct eval-
uation of halo luminosities by estimating local dark matter
densities at the positions of each simulation particle (for
example based on the SPH kernel interpolation technique)
would be seriously affected by resolution limitations. This
is because most of the emission originates over a tiny ra-
dial region, close to the very centre of a halo, where the
density is easily underestimated even for otherwise well re-
solved structures. In fact, it requires of order 108 − 109 par-
ticles to obtain a converged estimate of the emission from
the smooth part of a cuspy dark matter halo in a brute-
force approach (Springel et al. 2008). On the other hand, it
is numerically very much easier to resolve the existence of a
halo or subhalo, and to accurately estimate its total mass,
as well as its primary structural properties such as Vmax

and rmax. Our strategy will therefore be to adopt an ana-
lytic fit for the density profile of each detected dark matter
halo and to predict its expected emission by integrating this
profile. In other words, we will use the scaling relation (5)
to compute L′

h for main haloes and subhaloes alike. Since
Vmax and rmax can be measured reasonably accurately even
for poorly resolved haloes, this gives us a reliable account-
ing for the total emission of all haloes down to a fairly low
mass limit. Importantly, we can completely avoid in this way
to introduce strong mass-dependent resolution effects in our
measurements of luminosity as a function of halo mass.

For simplicity, we shall assume that all haloes have a
NFW structure, where the local logarithmic slope of the
density profile tends asymptotically to −1 for small radii,
even though the Aquarius project, a recent set of simula-
tions aimed at following the formation of MW-sized haloes
at different mass resolutions, demonstrated that the Einasto
profile provides an even better fit (Navarro et al. 2009), a
finding that is also supported by the independent ‘GHALO’
simulation (Stadel et al. 2009). In the Einasto profile, the
local logarithmic slope of the density profile changes with ra-
dius according to a power law with exponent αsh (typically
called shape parameter). According to the Aquarius project,
αsh is of the order 0.16 − 0.17 and varies from halo to halo
(Navarro et al. 2009). Previously, Gao et al. (2008) found a
dependence on halo mass for the value of the shape param-
eter (going from 0.16 for galaxy-haloes to 0.3 for massive
clusters). However, for the purposes of our work, the NFW
profile is a good enough approximation and using it sim-
plifies comparisons to a number of results in the literature.
In any case, we note that using the Einasto profile (with
a typical shape parameter of 0.17) instead would increase
our results for the fluxes by ∼ 50%. This value changes only
very slightly over the range of values for αsh found for dark
matter haloes. Such an uncertainty on the dark matter den-
sity profile is considerably lower than others in our analysis,
namely, the photon spectrum from annihilation (see Fig. 2)
and the contribution from unresolved haloes and subhaloes
(see sections 5.3 and 5.4).

Nevertheless, it is important to take into account the
impact of finite numerical resolution in the measured val-
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Fig. 3. These clusters have Vmax values in the range 850 −
1250 kms−1. The subhaloes follow a very similar power-law
behaviour as the population of main haloes in the upper
panel of Fig. 3. The slope of the power law is the same, only
the normalization is slightly different, a factor of 0.62 lower
than for main haloes. This is in agreement with findings
obtained for the Aquarius project (Springel et al. 2008).

As for main haloes, we have corrected the values of rmax

and Vmax of the subhaloes for softening effects according to
Eqs. (13). Also, as for the main haloes, the upturn in the
rmax − Vmax relation for small subhaloes clearly indicates
an overestimation of rmax in this regime due to numerical
resolution effects. In order to avoid biasing our results, we
hence force the subhaloes in this low-rmax low-Vmax regime
to continue to follow the power law defined by the larger,
more massive subhaloes:

r′′max = Asub(z)(V
′
max)

αsub , (20)

where αsub has a slight redshift dependence that we can
neglect since a value of αsub ∼ 1.34 fits the mean behaviour
of the data for z < 3 with an accuracy better than 20%. We
find that the value of Asub(z) can be approximated as:

Asub(z) ∼ 0.023(1 + z)−1/2. (21)

As a further consistency check, we have analyzed all main
haloes in the MS-II with more than 500 subhaloes, finding
that they agree well with the behaviour of the 10 most mas-
sive clusters shown in Fig. 7. Thus, all resolved subhaloes in
the MS-II with particle number Np < 3600 were corrected
using Eq. (20).

The contribution of subhaloes, per unit mass range, to
the total γ-ray luminosity of their host can be analyzed using
the following quantity:

Fsub

(

Msub

Mh

)

=

(

Mh

Lh

) ∑

Lsub

M̄sub∆ logMsub
(22)

where Msub and Lsub are the mass and gamma-ray luminos-
ity of a given subhalo. We have computed Fsub for all main
haloes in the MS-II with more than 500 subhaloes and found
that this quantity can be described by a power law in the
intermediate mass range, in a similar way to the function
Fh for main haloes:

Fsub

(

Msub

Mh

)

∼ Asub

(

Msub

Mh

)αsub

(23)

We estimate the parameters of this power law by fitting the
results between Msub,min = 6.89 × 108 h−1M#, the same
lower mass limit used for main haloes, and an upper mass
limit given by the most massive logarithmic mass bin with
more than 15 subhaloes. Using these two mass limits a power
law is found to provide a good fit to the general behaviour
in the intermediate mass range for all main halo masses and
at different redshifts.

Fig. 8 shows the parameters Asub and αsub of the fit
as a function of the mass of the host. The median values
for logarithmic mass bins at z = 0 are shown with thick
black solid lines, the first and third quartiles with thiner
black solid lines. The dark grey and light grey lines are for
z = 1.0 and z = 2.0, respectively. The results show almost
no dependence of the parameters of the power law fit on the
mass of the host and on redshift. For the majority of the

Figure 8. Parameters αsub and Asub from Eq. (23) as a function
of main halo mass. The thickest solid lines are the median values
for logarithmic mass bins, the dotted regions are within the first
and third quartiles. The black, dark grey and light grey lines are
for z = 0, 1.0 and 2.0, respectively.

cases, these parameters lie in the range:

− 0.95 ! αsub ! −1.15

−0.5 ! logAsub ! 0.1. (24)

For lower host halo masses, the scatter in the parameters
for a given mass bin becomes increasingly larger, however.
In these cases, the low number of substructures per halo
makes the power-law fit less reliable.

We will assume that the power law in Eq. (23) is uni-
versal, allowing us to extrapolate the value of Fsub down to
the damping scale limit. Using the range in Eqs. (24), we
can obtain estimates for the maximum and minimum con-
tribution of all substructures to the gamma-ray luminosity
of their host halo:

fsub(fmax,Mh) ∼
1
Lh

∫ fmaxMh

10−6

(

Lh

Mh

) Fsub

(

Msub

Mh

)

ln 10
dMsub,

(25)
where fmax is the ratio of the most massive subhalo to the
mass of the host. If αsub $= −1 then:

fsub(fmax,Mh) ∼

Asub

[

(fmax)
αsub+1 −

(

10−6

Mh

)αsub+1
]

ln 10(αsub + 1)
.

(26)
For the range of values given in Eqs. (24), which reflects the
uncertainties in our power law extrapolation, the total lumi-
nosity of all substructures in a halo of mass 1012 h−1M# lies
in the range fsub ∈ (2, 1821) times the luminosity of the main
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Fig. 3. These clusters have Vmax values in the range 850 −
1250 kms−1. The subhaloes follow a very similar power-law
behaviour as the population of main haloes in the upper
panel of Fig. 3. The slope of the power law is the same, only
the normalization is slightly different, a factor of 0.62 lower
than for main haloes. This is in agreement with findings
obtained for the Aquarius project (Springel et al. 2008).

As for main haloes, we have corrected the values of rmax

and Vmax of the subhaloes for softening effects according to
Eqs. (13). Also, as for the main haloes, the upturn in the
rmax − Vmax relation for small subhaloes clearly indicates
an overestimation of rmax in this regime due to numerical
resolution effects. In order to avoid biasing our results, we
hence force the subhaloes in this low-rmax low-Vmax regime
to continue to follow the power law defined by the larger,
more massive subhaloes:

r′′max = Asub(z)(V
′
max)

αsub , (20)

where αsub has a slight redshift dependence that we can
neglect since a value of αsub ∼ 1.34 fits the mean behaviour
of the data for z < 3 with an accuracy better than 20%. We
find that the value of Asub(z) can be approximated as:

Asub(z) ∼ 0.023(1 + z)−1/2. (21)

As a further consistency check, we have analyzed all main
haloes in the MS-II with more than 500 subhaloes, finding
that they agree well with the behaviour of the 10 most mas-
sive clusters shown in Fig. 7. Thus, all resolved subhaloes in
the MS-II with particle number Np < 3600 were corrected
using Eq. (20).

The contribution of subhaloes, per unit mass range, to
the total γ-ray luminosity of their host can be analyzed using
the following quantity:

Fsub

(

Msub

Mh

)

=

(

Mh

Lh

) ∑

Lsub

M̄sub∆ logMsub
(22)

where Msub and Lsub are the mass and gamma-ray luminos-
ity of a given subhalo. We have computed Fsub for all main
haloes in the MS-II with more than 500 subhaloes and found
that this quantity can be described by a power law in the
intermediate mass range, in a similar way to the function
Fh for main haloes:

Fsub

(

Msub

Mh

)

∼ Asub

(

Msub

Mh

)αsub

(23)

We estimate the parameters of this power law by fitting the
results between Msub,min = 6.89 × 108 h−1M#, the same
lower mass limit used for main haloes, and an upper mass
limit given by the most massive logarithmic mass bin with
more than 15 subhaloes. Using these two mass limits a power
law is found to provide a good fit to the general behaviour
in the intermediate mass range for all main halo masses and
at different redshifts.

Fig. 8 shows the parameters Asub and αsub of the fit
as a function of the mass of the host. The median values
for logarithmic mass bins at z = 0 are shown with thick
black solid lines, the first and third quartiles with thiner
black solid lines. The dark grey and light grey lines are for
z = 1.0 and z = 2.0, respectively. The results show almost
no dependence of the parameters of the power law fit on the
mass of the host and on redshift. For the majority of the

Figure 8. Parameters αsub and Asub from Eq. (23) as a function
of main halo mass. The thickest solid lines are the median values
for logarithmic mass bins, the dotted regions are within the first
and third quartiles. The black, dark grey and light grey lines are
for z = 0, 1.0 and 2.0, respectively.

cases, these parameters lie in the range:

− 0.95 ! αsub ! −1.15

−0.5 ! logAsub ! 0.1. (24)

For lower host halo masses, the scatter in the parameters
for a given mass bin becomes increasingly larger, however.
In these cases, the low number of substructures per halo
makes the power-law fit less reliable.

We will assume that the power law in Eq. (23) is uni-
versal, allowing us to extrapolate the value of Fsub down to
the damping scale limit. Using the range in Eqs. (24), we
can obtain estimates for the maximum and minimum con-
tribution of all substructures to the gamma-ray luminosity
of their host halo:

fsub(fmax,Mh) ∼
1
Lh

∫ fmaxMh

10−6

(

Lh

Mh

) Fsub

(

Msub

Mh

)

ln 10
dMsub,

(25)
where fmax is the ratio of the most massive subhalo to the
mass of the host. If αsub $= −1 then:

fsub(fmax,Mh) ∼

Asub

[

(fmax)
αsub+1 −

(

10−6

Mh

)αsub+1
]

ln 10(αsub + 1)
.

(26)
For the range of values given in Eqs. (24), which reflects the
uncertainties in our power law extrapolation, the total lumi-
nosity of all substructures in a halo of mass 1012 h−1M# lies
in the range fsub ∈ (2, 1821) times the luminosity of the main
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Fig. 3. These clusters have Vmax values in the range 850 −
1250 kms−1. The subhaloes follow a very similar power-law
behaviour as the population of main haloes in the upper
panel of Fig. 3. The slope of the power law is the same, only
the normalization is slightly different, a factor of 0.62 lower
than for main haloes. This is in agreement with findings
obtained for the Aquarius project (Springel et al. 2008).

As for main haloes, we have corrected the values of rmax

and Vmax of the subhaloes for softening effects according to
Eqs. (13). Also, as for the main haloes, the upturn in the
rmax − Vmax relation for small subhaloes clearly indicates
an overestimation of rmax in this regime due to numerical
resolution effects. In order to avoid biasing our results, we
hence force the subhaloes in this low-rmax low-Vmax regime
to continue to follow the power law defined by the larger,
more massive subhaloes:

r′′max = Asub(z)(V
′
max)

αsub , (20)

where αsub has a slight redshift dependence that we can
neglect since a value of αsub ∼ 1.34 fits the mean behaviour
of the data for z < 3 with an accuracy better than 20%. We
find that the value of Asub(z) can be approximated as:

Asub(z) ∼ 0.023(1 + z)−1/2. (21)

As a further consistency check, we have analyzed all main
haloes in the MS-II with more than 500 subhaloes, finding
that they agree well with the behaviour of the 10 most mas-
sive clusters shown in Fig. 7. Thus, all resolved subhaloes in
the MS-II with particle number Np < 3600 were corrected
using Eq. (20).

The contribution of subhaloes, per unit mass range, to
the total γ-ray luminosity of their host can be analyzed using
the following quantity:

Fsub

(

Msub

Mh

)

=

(

Mh

Lh

) ∑

Lsub

M̄sub∆ logMsub
(22)

where Msub and Lsub are the mass and gamma-ray luminos-
ity of a given subhalo. We have computed Fsub for all main
haloes in the MS-II with more than 500 subhaloes and found
that this quantity can be described by a power law in the
intermediate mass range, in a similar way to the function
Fh for main haloes:

Fsub

(

Msub

Mh

)

∼ Asub

(

Msub

Mh

)αsub

(23)

We estimate the parameters of this power law by fitting the
results between Msub,min = 6.89 × 108 h−1M#, the same
lower mass limit used for main haloes, and an upper mass
limit given by the most massive logarithmic mass bin with
more than 15 subhaloes. Using these two mass limits a power
law is found to provide a good fit to the general behaviour
in the intermediate mass range for all main halo masses and
at different redshifts.

Fig. 8 shows the parameters Asub and αsub of the fit
as a function of the mass of the host. The median values
for logarithmic mass bins at z = 0 are shown with thick
black solid lines, the first and third quartiles with thiner
black solid lines. The dark grey and light grey lines are for
z = 1.0 and z = 2.0, respectively. The results show almost
no dependence of the parameters of the power law fit on the
mass of the host and on redshift. For the majority of the

Figure 8. Parameters αsub and Asub from Eq. (23) as a function
of main halo mass. The thickest solid lines are the median values
for logarithmic mass bins, the dotted regions are within the first
and third quartiles. The black, dark grey and light grey lines are
for z = 0, 1.0 and 2.0, respectively.

cases, these parameters lie in the range:

− 0.95 ! αsub ! −1.15

−0.5 ! logAsub ! 0.1. (24)

For lower host halo masses, the scatter in the parameters
for a given mass bin becomes increasingly larger, however.
In these cases, the low number of substructures per halo
makes the power-law fit less reliable.

We will assume that the power law in Eq. (23) is uni-
versal, allowing us to extrapolate the value of Fsub down to
the damping scale limit. Using the range in Eqs. (24), we
can obtain estimates for the maximum and minimum con-
tribution of all substructures to the gamma-ray luminosity
of their host halo:

fsub(fmax,Mh) ∼
1
Lh

∫ fmaxMh

10−6

(

Lh

Mh

) Fsub

(

Msub

Mh

)

ln 10
dMsub,

(25)
where fmax is the ratio of the most massive subhalo to the
mass of the host. If αsub $= −1 then:

fsub(fmax,Mh) ∼

Asub

[

(fmax)
αsub+1 −

(

10−6

Mh

)αsub+1
]

ln 10(αsub + 1)
.

(26)
For the range of values given in Eqs. (24), which reflects the
uncertainties in our power law extrapolation, the total lumi-
nosity of all substructures in a halo of mass 1012 h−1M# lies
in the range fsub ∈ (2, 1821) times the luminosity of the main
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Fig. 3. These clusters have Vmax values in the range 850 −
1250 kms−1. The subhaloes follow a very similar power-law
behaviour as the population of main haloes in the upper
panel of Fig. 3. The slope of the power law is the same, only
the normalization is slightly different, a factor of 0.62 lower
than for main haloes. This is in agreement with findings
obtained for the Aquarius project (Springel et al. 2008).

As for main haloes, we have corrected the values of rmax

and Vmax of the subhaloes for softening effects according to
Eqs. (13). Also, as for the main haloes, the upturn in the
rmax − Vmax relation for small subhaloes clearly indicates
an overestimation of rmax in this regime due to numerical
resolution effects. In order to avoid biasing our results, we
hence force the subhaloes in this low-rmax low-Vmax regime
to continue to follow the power law defined by the larger,
more massive subhaloes:

r′′max = Asub(z)(V
′
max)

αsub , (20)

where αsub has a slight redshift dependence that we can
neglect since a value of αsub ∼ 1.34 fits the mean behaviour
of the data for z < 3 with an accuracy better than 20%. We
find that the value of Asub(z) can be approximated as:

Asub(z) ∼ 0.023(1 + z)−1/2. (21)

As a further consistency check, we have analyzed all main
haloes in the MS-II with more than 500 subhaloes, finding
that they agree well with the behaviour of the 10 most mas-
sive clusters shown in Fig. 7. Thus, all resolved subhaloes in
the MS-II with particle number Np < 3600 were corrected
using Eq. (20).

The contribution of subhaloes, per unit mass range, to
the total γ-ray luminosity of their host can be analyzed using
the following quantity:

Fsub
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Msub

Mh

)

=
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) ∑
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M̄sub∆ logMsub
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where Msub and Lsub are the mass and gamma-ray luminos-
ity of a given subhalo. We have computed Fsub for all main
haloes in the MS-II with more than 500 subhaloes and found
that this quantity can be described by a power law in the
intermediate mass range, in a similar way to the function
Fh for main haloes:

Fsub

(

Msub
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)

∼ Asub

(

Msub
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)αsub

(23)

We estimate the parameters of this power law by fitting the
results between Msub,min = 6.89 × 108 h−1M#, the same
lower mass limit used for main haloes, and an upper mass
limit given by the most massive logarithmic mass bin with
more than 15 subhaloes. Using these two mass limits a power
law is found to provide a good fit to the general behaviour
in the intermediate mass range for all main halo masses and
at different redshifts.

Fig. 8 shows the parameters Asub and αsub of the fit
as a function of the mass of the host. The median values
for logarithmic mass bins at z = 0 are shown with thick
black solid lines, the first and third quartiles with thiner
black solid lines. The dark grey and light grey lines are for
z = 1.0 and z = 2.0, respectively. The results show almost
no dependence of the parameters of the power law fit on the
mass of the host and on redshift. For the majority of the

Figure 8. Parameters αsub and Asub from Eq. (23) as a function
of main halo mass. The thickest solid lines are the median values
for logarithmic mass bins, the dotted regions are within the first
and third quartiles. The black, dark grey and light grey lines are
for z = 0, 1.0 and 2.0, respectively.

cases, these parameters lie in the range:

− 0.95 ! αsub ! −1.15

−0.5 ! logAsub ! 0.1. (24)

For lower host halo masses, the scatter in the parameters
for a given mass bin becomes increasingly larger, however.
In these cases, the low number of substructures per halo
makes the power-law fit less reliable.

We will assume that the power law in Eq. (23) is uni-
versal, allowing us to extrapolate the value of Fsub down to
the damping scale limit. Using the range in Eqs. (24), we
can obtain estimates for the maximum and minimum con-
tribution of all substructures to the gamma-ray luminosity
of their host halo:

fsub(fmax,Mh) ∼
1
Lh

∫ fmaxMh

10−6
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) Fsub

(

Msub

Mh

)

ln 10
dMsub,

(25)
where fmax is the ratio of the most massive subhalo to the
mass of the host. If αsub $= −1 then:

fsub(fmax,Mh) ∼

Asub

[

(fmax)
αsub+1 −

(

10−6

Mh

)αsub+1
]

ln 10(αsub + 1)
.

(26)
For the range of values given in Eqs. (24), which reflects the
uncertainties in our power law extrapolation, the total lumi-
nosity of all substructures in a halo of mass 1012 h−1M# lies
in the range fsub ∈ (2, 1821) times the luminosity of the main
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Figure 4. Total luminosity coming from main haloes per differ-
ential mass interval as a function of mass. The thin blue lines
are for different redshifts as in Fig. 3, while the thick solid line
shows the z = 0 result. The dashed lines show the run of our
extrapolations as discussed in the text.

with the redshift increasing from top to bottom. The change
in slope of the power law followed by the blue dashed lines is
roughly in agreement with the results of Zhao et al. (2003)
and Gao et al. (2008).

4.1 Gamma-ray luminosity of haloes down to the
damping scale limit

Following the formulation in section 2, we here analyze the
flux multiplier for large volumes, Eqs. (6) and (8), for the
MS-II. Recall, the flux multiplier gives the ratio of the γ-
ray flux coming from all haloes inside the simulated volume
with masses larger than a minimum mass Mmin to the emis-
sion produced by a homogeneous distribution of dark matter
filling the box of volume VB with an average density ρ̄B.

We obtain this dimensionless flux multiplier by defining
first the function

Fh(Mh) =

∑

Lh

M̄h∆ logMh
, (17)

where the sum is over all the luminosities Lh of haloes with
masses in the logarithmic mass range: logMh ±∆ logMh/2,
where ∆ logMh is a fixed logarithmic bin size; M̄h is the
mean value of the halo mass in the given bin. Using this
definition we can approximate Eq. (8) as

f(Mh > Mmin) ∼
1

ρ̄2BVB

∫ ∞

Mmin

Fh(Mh)
ln 10

dMh. (18)

In this sense, the function Fh(Mh) is just the total lumi-
nosity of haloes in a mass range, per unit mass range. The
function Fh(Mh) is shown in Fig. 4 for all main haloes in
the MS-II. The different blue lines are for different redshifts,
as in Fig. 3.

Figure 5. Flux multiplier f(Mh > Mmin) for the main haloes in
the MS-II as a function of Mmin. The solid-blue and dashed-black
lines are analogous to the ones in Fig. 4. The solid-black line is a
theoretical estimate as described in the text.

At intermediate mass ranges, Fh(Mh) is clearly well ap-
proximated by a power law:

Fh(Mh, z) = Ah(z)M
αh(z)
h . (19)

Our goal is to fit the parameters of this power law so that
an extrapolation can be done down to the cutoff mass for
neutralinos. For the neutralino mass corresponding to the
model we have chosen, the free streaming mass is of the or-
der of 10−7 h−1M# (Hofmann et al. 2001), however, acous-
tic oscillations due to the coupling between cold dark mat-
ter and the radiation field in the early Universe, can also
produce a damping in the power spectrum of density per-
turbations (e.g. Loeb & Zaldarriaga 2005). The cutoff mass
of the smallest haloes that can be formed is determined by
the strongest of these effects. Taking the recent results of
Bringmann (2009) (see their Fig. 3), this cutoff mass for
mχ = 185 GeV lies in the range 10−9 − 10−4M#. We will
take a fiducial value of 10−6 h−1M# for our extrapolation,
noting that the value of the minimum mass for bound neu-
tralino dark matter haloes is a source of uncertainty in our
results.

We obtain the parameters of the power law in Eq. (19)
by fitting the function Fh(Mh) between two mass limits,
with the lower limit chosen as Mlim,min = 6.89×108 h−1M#,
corresponding to haloes with 100 particles (below this num-
ber the mass and abundance of haloes is not reliable), and
the higher limit set equal to the last logarithmic mass bin
with more than 500 haloes, such that uncertainties from
counting statistics are avoided. We find that for these mass
ranges, the parameters of the power law fits change only
slightly with redshift; in fact for z < 2.1, αh $ −1.05 with
less than 2% variation, and Ah $ 6.92× 1011 with less than
50% variation. The black dashed lines in Fig. 4 show the re-
sulting extrapolation of the power law down to 107 h−1M#.
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Figure 4. Total luminosity coming from main haloes per differ-
ential mass interval as a function of mass. The thin blue lines
are for different redshifts as in Fig. 3, while the thick solid line
shows the z = 0 result. The dashed lines show the run of our
extrapolations as discussed in the text.

with the redshift increasing from top to bottom. The change
in slope of the power law followed by the blue dashed lines is
roughly in agreement with the results of Zhao et al. (2003)
and Gao et al. (2008).

4.1 Gamma-ray luminosity of haloes down to the
damping scale limit

Following the formulation in section 2, we here analyze the
flux multiplier for large volumes, Eqs. (6) and (8), for the
MS-II. Recall, the flux multiplier gives the ratio of the γ-
ray flux coming from all haloes inside the simulated volume
with masses larger than a minimum mass Mmin to the emis-
sion produced by a homogeneous distribution of dark matter
filling the box of volume VB with an average density ρ̄B.

We obtain this dimensionless flux multiplier by defining
first the function

Fh(Mh) =

∑

Lh

M̄h∆ logMh
, (17)

where the sum is over all the luminosities Lh of haloes with
masses in the logarithmic mass range: logMh ±∆ logMh/2,
where ∆ logMh is a fixed logarithmic bin size; M̄h is the
mean value of the halo mass in the given bin. Using this
definition we can approximate Eq. (8) as

f(Mh > Mmin) ∼
1

ρ̄2BVB

∫ ∞

Mmin

Fh(Mh)
ln 10

dMh. (18)

In this sense, the function Fh(Mh) is just the total lumi-
nosity of haloes in a mass range, per unit mass range. The
function Fh(Mh) is shown in Fig. 4 for all main haloes in
the MS-II. The different blue lines are for different redshifts,
as in Fig. 3.

Figure 5. Flux multiplier f(Mh > Mmin) for the main haloes in
the MS-II as a function of Mmin. The solid-blue and dashed-black
lines are analogous to the ones in Fig. 4. The solid-black line is a
theoretical estimate as described in the text.

At intermediate mass ranges, Fh(Mh) is clearly well ap-
proximated by a power law:

Fh(Mh, z) = Ah(z)M
αh(z)
h . (19)

Our goal is to fit the parameters of this power law so that
an extrapolation can be done down to the cutoff mass for
neutralinos. For the neutralino mass corresponding to the
model we have chosen, the free streaming mass is of the or-
der of 10−7 h−1M# (Hofmann et al. 2001), however, acous-
tic oscillations due to the coupling between cold dark mat-
ter and the radiation field in the early Universe, can also
produce a damping in the power spectrum of density per-
turbations (e.g. Loeb & Zaldarriaga 2005). The cutoff mass
of the smallest haloes that can be formed is determined by
the strongest of these effects. Taking the recent results of
Bringmann (2009) (see their Fig. 3), this cutoff mass for
mχ = 185 GeV lies in the range 10−9 − 10−4M#. We will
take a fiducial value of 10−6 h−1M# for our extrapolation,
noting that the value of the minimum mass for bound neu-
tralino dark matter haloes is a source of uncertainty in our
results.

We obtain the parameters of the power law in Eq. (19)
by fitting the function Fh(Mh) between two mass limits,
with the lower limit chosen as Mlim,min = 6.89×108 h−1M#,
corresponding to haloes with 100 particles (below this num-
ber the mass and abundance of haloes is not reliable), and
the higher limit set equal to the last logarithmic mass bin
with more than 500 haloes, such that uncertainties from
counting statistics are avoided. We find that for these mass
ranges, the parameters of the power law fits change only
slightly with redshift; in fact for z < 2.1, αh $ −1.05 with
less than 2% variation, and Ah $ 6.92× 1011 with less than
50% variation. The black dashed lines in Fig. 4 show the re-
sulting extrapolation of the power law down to 107 h−1M#.
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Measurement of the Local Background

Direct Measurement

 Photometry measurements must contend with difficult foreground subtraction and calibration issues!
Optical - Bernstein (2002, 2007) using Hubble and ground-based data in 3 optical bands
IR   -  DIRBE detections in near-IR (e.g. Wright 2001, Levenson et al. 2007) and far- IR (Hauser et  al. 1998, Wright 2004) 
 FIRAS - absolute measurement of CMB and EBL >125 µm (Fixsen et al. 1998)

Galaxy Number Counts

 Can provide robust lower limits, but degree of convergence often controversial

 Available in many bands, including UV (GALEX), optical/NIR (HST, various ground-based), mid and far IR (Spitzer, 
ISO), and submillimeter (SCUBA, BLAST)

 Limits in optical and near-IR generally below direct photometry estimates

Extragalactic Gamma-ray Observations

 Assumption that intrinsic spectra is softer than -Γ = 1.5 (e.g. Aharonian et al. 2006; Albert et al. 2008; also 
Costamante et al. 2004; Mazin & Raue 2007)
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Modeling of the galaxy population

 Evolution inferred from observations
 Kneiske et al. 2004; Finke et al. 2009 - models based on star formation rate
density, stellar synthesis models, dust reradiation

 Franceschini et al. 2008 - sophisticated model based on measured LFs,
separate treatment of optical and IR, and different galaxy population.

 Backwards evolution of the existing galaxy population
 Stecker et al. 2006 - based on power law evolution of existing galaxy pop.

 Forward evolution, begin from cosmological initial conditions
Primack et al. 2001, 2005, and this work
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FIG. 2: Concentration parameter versus mass for halos of mass M at z = 0. On the left-hand panel we reproduce from Ref. [34]
the behavior found in a large sample of simulated halos, with a binning in mass in which each marker represents the peak in
the distribution and the relative bar its 68% width; the trend is reproduced with the toy models proposed in Ref. [34] itself
(Bullock et al.) and in Ref. [36] (ENS). On the right-hand side, we show an extrapolation of cvir to the whole mass range we
need to include in our analysis according to the two toy models.

where K is a constant (i.e. independent of M and cosmology) to be fitted to the results of the simulations. Bullock
et al. [34] show that this toy model reproduces rather accurately the dependence of cvir found in the simulations
on both M and z. We reproduce this fit at z = 0 in Fig. 2 (left panel, solid line); “data” points and relative error
bars are taken from [34] and just represent a binning in mass of results in their simulated halos: in each mass bin,
the marker and the error bars correspond, respectively, to the peak and the 68% width in the cvir distribution. We
determine K with a best fitting procedure in the cosmology ΩM = 0.3, ΩΛ = 0.7, h = 0.7 and σ8 = 1 adopted in
the N-body simulation referred to, and then use this value to estimate the mean cvir in other cosmologies; we find
K = 4.4. Finally, following again Bullock et al. [34], we assume that, for a given M , the distribution of concentration
parameters P is log-normal with a 1σ deviation ∆(log10 cvir) around the mean, independent of M and cosmology; we
take ∆(log10 cvir) = 0.2.

An alternative toy-model to describe the relation between cvir and M has been discussed by Eke, Navarro and
Steinmetz [36] (hereafter ENS model): The relation they propose has a similar scaling in z, with however a different
definition of the collapse redshift zc and a milder dependence of cvir on M . In our notation, they define of zc through
the equation:

D(zc)σeff(Mp) =
1

Cσ
(18)

where D(z) represents the linear theory growth factor, and σeff is an ‘effective’ amplitude of the power spectrum on
scale M :

σeff(M) = σ(M)

(

− d ln(σ)

d ln(M)
(M)

)

= − dσ

dM
M (19)

which modulates σ(M) and makes zc dependent on both the amplitude and the shape of the power spectrum, rather
than just on the amplitude as in the toy model of Bullock et al. Finally, in Eq. (18), Mp is assumed to be the mass of
the halo contained within the radius at which the circular velocity reaches its maximum, while Cσ is the parameter
(independent on M and cosmology) which has to be fitted to the simulations. With this definition of zc it follows
that, on average, cvir can be be expressed as:

cvir(M, z) =

(

∆vir(zc)ΩM (z)

∆vir(z)ΩM (zc)

)1/3 1 + zc

1 + z
. (20)
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FIG. 8: Influence of substructure on the flux normalization for three different average fractions f of the total mass in subhalos;
we have restricted to a specific mass function (see text) with spectral index β and kept as a free parameter, we display on the
horizontal axis the mean enhancement in the concentration parameter in subhalos.

To give a feeling for the possible effect of substructure, we consider the simplified sample case in which f and the
mass function are universal, and keep the average enhancement in the concentration parameter as a free parameter
(we find the value of cvir(M, z) for subhalos by a rigid rescaling of the cvir(M, z) found for halos of same mass and at
the same z: actually, the mass range in which this rescaling matters is just around the cutoff mass Mcut = 105M! ).
In Fig. 8 we consider β = 1.95 or the slightly softer β = 1.90, choose three sample values for the fraction of the
mass in subhalos f and plot the ratio of the value of ∆2 with and without including subhalos as a function of the
average enhancement in the concentration parameter. Sensible gains in ∆2 and hence in the γ-ray flux normalization
are viable even for moderate enhancements in the concentration parameter. Again, the effect of substructure is less
dramatic than in case of single dark matter sources: the argument here is analogous to the one presented in the
discussion on the role of the singularity in halo profiles.

D. Observability of subhalos in the Milky Way halo

It would be of utmost importance to test the subhalo picture predicted by CDM N-body simulations by collecting
information from the morphology of the Milky Way halo. As already mentioned, a rich population of luminous
satellites is not observed in the Galaxy and this was considered, up to recent work, one the most severe “problems”
of CDM. There are now models [49, 50] to explain why small substructures may be totally dark (without visible
baryons); if this is indeed the case, WIMP annihilation might be the only chance to perform a detailed mapping
of the distribution of mass in the Milky Way. This issue has been investigated by numerous authors (for a recent
analysis see, e.g., Ref. [55]). The problem however reduces to the study of the actual realization of incalculable random
processes and this implies that it is very hard to estimate the probability for detection of a signal. In particular, a
crucial parameter will be the location of the nearest dark matter clump, since this will dominate the signal. We show
here how the picture we have outlined for a generic halo applies to the Milky Way and discuss the implications for
the observability of subhalos.

The gamma-ray flux from a single “clump” of mass Ms and at the distance d from the Earth is equal to:

dφ1−cl
γ

dE
=

σv

2

dNγ(E)

dE

1

4π

∫

∆Ω
d Ω

∫

l.o.s.
d l

(

ρ('r)

Mχ

)2

we set 10% of a halo mass in substructures and 
assume that the subhalo mass function has a power-
law behavior in mass M^−β , with a slope β = 1.9. 
This is in broad agreement with findings 
of new simulations for Milky Way-size halos. The 
concentration parameter of subhalos is not constant, 
but depends on the subhalo mass and on the distance 
from the center of the halos. We here associate a 
concentration parameter four times higher in 
substructures, compared to a main halo of the same 
mass.
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5

WIMP induced signal is discussed in the next Section. N-body simulations seem to indicate that dark matter density
profiles can be described in the form

ρ(r) = ρ′ g(r/a) , (10)

where a is a length scale and ρ′ the corresponding density. The function g(x) is found to be more or less universal
over the whole mass range of the simulated halos, although different functional forms have been claimed in different
simulations: we will consider the result originally proposed by Navarro, Frenk and White [25] (hereafter NFW profile),

gNFW (x) =
1

x (1 + x)2
, (11)

supported also by more recent simulations performed by the same group [26], and the result found in the higher
resolution simulation (but with fewer simulated halos) by Moore et al. [27] (hereafter Moore profile),

gMoore (x) =
1

x1.5 (1 + x1.5)
. (12)

The two functional forms have the same behavior at large radii and they are both singular towards the center of
the halo, but the Moore profile increases much faster than the NFW profile (non-universal forms, with central cusp
slopes depending on evolution details have been claimed as well [28]). There have been a number of reports in the
literature arguing that the rotation curves of many small-size disk galaxies rule out divergent dark matter profiles,
see, e.g., [29, 30] (note however that this issue is not settled yet, see, e.g., [31]), while they can be fitted by profiles
with a flat density core. We consider then here as a third alternative functional form the Burkert profile [32],

gB (x) =
1

(1 + x) (1 + x2)
, (13)

which has been shown to be adequate to reproduce a large catalogue of rotation curves of spiral galaxies [33].
Rather than by a and ρ′, it is useful to label a dark matter profile by its virial mass M and concentration parameter

cvir. For the latter, we adopt here the definition by Bullock et al. [34]: let the virial radius Rvir of a halo of mass M
at redshift z be defined as the radius within which the mean density of the halo is ∆vir times the mean background
density ρ̄(z) at that redshift:

M ≡ 4π

3
∆vir ρ̄(z)R3

vir. (14)

We take the virial overdensity to be approximated by the expression [35], valid in a flat cosmology,

∆vir " (18π2 + 82x − 39x2)

ΩM (z)
(15)

with x ≡ ΩM (z) − 1, (∆vir " 337 for ΩM = 0.3 at z = 0). The concentration parameter is then defined as

cvir =
Rvir

r−2
(16)

with r−2 the radius at which the effective logarithmic slope of the profile is −2, i.e. it is the radius set by the equation
d/dr

(

r2g(r)
)
∣

∣

r=r
−2

= 0. This means that r−2 = a for the NFW profile, while x−2 ≡ r−2/a is equal to about 0.63 for

the Moore profile and to 1.52 for the Burkert profile. Note that these definitions of Rvir and cvir differ from those
adopted in Ref. [25] and Ref. [36].

After identifying the behavior in Eq. (10), Navarro et al. noticed also that, for a given cosmology, the halos in
their simulation at a given redshift show a strong correlation between cvir and M [25], with larger concentrations
in lighter halos. This trend may be intuitively explained by the fact that low-mass halos typically collapsed earlier,
when the Universe was denser. Bullock et al. [34] confirmed this behavior with a larger sample of simulated halos
and propose a toy model to describe it, which improves on the toy model originally outlined in [25]: On average, a
collapse redshift zc is assigned to each halo of mass M at the epoch z through the relation M!(zc) ≡ FM , where the
typical collapsing mass M! is defined implicitly by σ (M!(z)) = δsc(z) and is postulated to be a fixed fraction F of M
(following Ref. [37] we choose F = 0.015). The density of the Universe at zc is then associated with a characteristic
density of the halo at z; it follows that, on average, the concentration parameter is given by:

cvir(M, z) = K
1 + zc

1 + z
=

cvir(M, z = 0)

(1 + z)
(17)
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when the Universe was denser. Bullock et al. [34] confirmed this behavior with a larger sample of simulated halos
and propose a toy model to describe it, which improves on the toy model originally outlined in [25]: On average, a
collapse redshift zc is assigned to each halo of mass M at the epoch z through the relation M!(zc) ≡ FM , where the
typical collapsing mass M! is defined implicitly by σ (M!(z)) = δsc(z) and is postulated to be a fixed fraction F of M
(following Ref. [37] we choose F = 0.015). The density of the Universe at zc is then associated with a characteristic
density of the halo at z; it follows that, on average, the concentration parameter is given by:

cvir(M, z) = K
1 + zc

1 + z
=

cvir(M, z = 0)

(1 + z)
(17)
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the absorption of γ-rays as they propagate from the source to the detector: the main effect for GeV to TeV γ-rays is
absorption via pair production on the extragalactic background light emitted by galaxies in the optical and infrared
range. Detailed studies of this effect, involving a modeling of galaxy and star formation and a comparison with data on
the extragalactic background light, have been performed by several groups (see, e.g., [10, 11, 12, 13, 14, 15]). We take
advantage of the results recently presented by the Santa Cruz group [15]; we implement an analytic parameterization
of the optical depth τ , as a function of both redshift and observed energy, which reproduces within about 10% the
values for this quantity plotted in Figs. 5 and 7 in Ref. [15] (ΛCDM model labelled “Kennicut”; the accuracy of
the parameterization is much better than the spread in the predictions considering alternative models [15]). For
comparison, we have verified that the results presented in Salamon and Stecker [13] (their model in Fig. 6, with
metallicity correction) is in fair agreement with the model we are assuming as a reference model in the energy range
of interest in this work, i.e. below a few hundred GeV.

The estimate of the diffuse extragalactic γ-ray flux due to the annihilation of dark matter particles is then obtained
by summing over all contributions in the form in Eq. (4):

dφγ

dE0
≡ dNγ

dAdΩ dt0 dE0
=

1

4π

∫

dr R0e
−τ(z,E0)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z)

=
c

4π

∫

dz
e−τ(z,E0)

H0 h(z)

∫

dM
dn

dM
(M, z)

dNγ

dE
(E0 (1 + z), M, z) . (5)

where the integration along the line of sight has been replaced by one over redshift, H0 is the Hubble parameter, c is
the speed of light and h depends on the cosmological model,

h(z) =
√

ΩM (1 + z)3 + ΩK(1 + z)2 + ΩΛ. (6)

In this work we put the contribution from curvature ΩK = 0, in agreement with the prediction from inflation and
with recent measurements of the microwave background [2]. Taking the limit in which all structure is erased and dark
matter is smoothly distributed at all redshifts, Eq. (5) correctly reduces to the analogous formula derived with the
Boltzmann equation in BEU (Eq. (4) therein).

III. THE PROPERTIES OF HALOS

Three ingredients are needed to use Eq. (5) for an actual prediction of the γ-ray flux. We need to specify the WIMP
pair annihilation cross section and estimate the number of photons emitted per annihilation, as well as the energy
distribution of these photons: the choice of the particle physics model fixes this element. As photons are emitted in
the annihilation of two WIMPs, the flux from each source will scale with the square of the WIMP number density in
the source. The second element needed is then the dark matter density profile in a generic halo of mass M at redshift
z. Finally we need to know the distribution of sources, i.e. we need an estimate of the halo mass function.

Some insight on the latter two ingredients comes from the ΛCDM model for structure formation: we outline here
hypotheses and results entering the prediction for the dark matter induced flux. We start with the mass function for
dark matter halos.

A. The halo mass function

Press-Schechter [16] theory postulates that the cosmological mass function of dark matter halos can be cast into
the universal form:

dn

dM
=

ρ̄0

M2
νf(ν)

d logν

d logM
(7)

where ρ̄0 is the comoving dark matter background density, ρ̄0 " ρcΩM with ρc being the critical density at z = 0.
We introduced also the parameter ν ≡ δsc(z)/σ(M), defined as the ratio between the critical overdensity required for
collapse in the spherical model δsc and the quantity σ(M), which is the present, linear theory, rms density fluctuation
in spheres containing a mean mass M . An expression for δsc is given, e.g., in Ref. [17]. σ(M) is related to the
fluctuation power spectrum P (k), see e.g. Ref. [18], by:

σ2(M) ≡
∫

d3k W̃ 2(k R)P (k) (8)
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FIG. 1: Fraction of total mass provided by objects heavier than a given mass M (upper curves) or within 14 decades in mass
(lower histograms) at three different redshifts and for the mass function as derived in the ellipsoidal collapse model.

where W̃ is the top-hat window function on the scale R3 = 3M/4πρ̄ with ρ̄ the mean (proper) matter density. The
power spectrum is parametrized as P (k) ∝ knT 2(k); we fix the spectral index n = 1 and take the transfer function T
as given in the fit by Bardeen et al. [19] for an adiabatic CDM model, with the shape parameter modified to include
baryonic matter according to the prescription in, e.g. [20], Eq. (15.84) and (15.85). Note that the fit we use agrees
within 10% with the analytic result obtained for large k in Ref. [21], hence holds to the accuracy we are concerned
about for the small scales we will consider below. We normalize P and σ by computing σ in spheres of R = 8/h Mpc
and setting the result equal to the parameter σ8 (h is the usual Hubble constant in units of 100 km s−1 Mpc−1).

In Eq. (7) f(ν) is known as the multiplicity function; we implement the form found in the ellipsoidal collapse
model [22]:

νf(ν) = 2A

(

1 +
1

ν′2q

) (

ν′2

2π

)1/2

exp

(

−ν′2

2

)

(9)

where ν′ =
√

aν, and the parameters q = 0.3 and a = 0.707 are derived by fitting Eq. (7) to the N-body simulation
results of the Virgo consortium [23], while A is fixed by the requirement that all mass lies in a given halo, i.e.
∫

dνf(ν) = 1 or
∫

dM Mdn/dM = ρ̄0. Eq. (9) reduces to the form originally proposed in Press-Schechter theory and
valid for spherical collapse if a = 1, q = 0 and A = 0.5.

To give the reader a feeling for what the distribution of mass is, as predicted by the halo mass function we are
considering here, in Fig. 1 we plot the fraction of the total mass in halos heavier than M , and the fraction per mass
decade, for three different redshifts, z equal to 0, 2 and 4, and for our default choice of cosmological model: ΩM = 0.3,
ΩΛ = 0.7, h = 0.7, Ωb = 0.022/h2 and σ8 = 0.73 [24]. Note the peak in the distribution at M ∼ 1012 − 1013 M# for
z = 0 rapidly moving to lower masses for larger redshifts; note also that the low mass tails are not very steep, with
only 89% (81%) of the total mass in structures heavier than 10 M# at z = 0 (z = 2). These numbers get slightly
larger if one applies the spherical collapse model instead of the ellipsoidal model we have considered here.

B. The density profile in dark halos

In the ΛCDM model for structure formation, dark matter halos are assumed to form hierarchically bottom-up via
gravitational amplification of initial density fluctuations. Small structures merge into larger and larger halos and final
configurations are self-similar, with a smooth dark matter component and, possibly, a small fraction of the total mass
in subhalos which have survived tidal stripping. We neglect for the moment eventual substructure, whose role on the

multiplicity 
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recent parametrizations of the innermost regions of galac-
tic halos appear better suited to capture the behavior in
the small-radii limit (see e.g. [62, 63]), we present our
results for the NFW profile, which has emerged over the
years as a benchmark model for DM annihilation studies.
The scenario and prescriptions described here, however,
can easily be extended to any DM profile.

A convenient expression for c at redshift z for halo mass
M(z) was derived in Ref. [64] from a statistical sample
of high-resolution N-body simulations, containing ≈ 5000
halos in the range 1011 − 1014 M!:

c =
9

1 + z

(

M(z)

M!(z = 0)

)−0.13

. (A7)

The collapse mass M!(z) defines the mass that collapses
to form at halo at redshift z. For ΛCDM cosmology,
M!(z = 0) # 1.5 × 1013 h−1 M!. A detailed way of
obtaining M! is described in Sec. A 3. Concentration pa-
rameters of halos less massive than ∼ 1010Msun have not
been robustly measured in N-body simulations, due to
the required mass and force resolution. For concreteness,
we assume Eq. (A7) to apply for any halos. The validity
of extrapolating Eq. (A7) to small halos should be tested
against future simulations.

2. Halo mass distribution

In this subsection, we discuss another key ingredient
for the calculation of the cosmological annihilation flux.
We need now to specify the mass function of DM halos,
i.e. the number of objects of given mass M. The mass
function of halos are expressed in a universal form [65]

dn

dM
=

ρM

M

dν

dM
f(ν) , (A8)

where ρM = ρcΩM is the comoving matter (background)
density and a new variable ν is defined

ν ≡
1.686

D(z)σ(M)
. (A9)

The linear equivalent of the over density at collapse for
spherical collapse model is 1.686, σ(M) is the rms density
fluctuation in a sphere with mass M , and D(z) is the
linear density growth rate.

In this way, f(ν) for spherical collapse is expressed as

f(ν) =

√

2

π
e−ν2/2 . (A10)

A better fit to number density of halos can be obtained
with the ellipsoidal collapse model derived by Sheth and
Tormen [66];

f(ν) = A
√

a

(

1 +
1

ν′2q

)

√

2

π
e−ν′2/2 , (A11)

where ν′ =
√

aν. Numerical fits to simulations give a =
0.707, p = 0.3 [67], and A is obtained by normalising
f(ν).

σ(M) is related to the power spectrum P (k) by

σ(M)2 ∝
∫

d3k W̃ (kR)2 P (k) , (A12)

where k is the wave number and W̃ (kR) is the filter func-
tion with R being the radius enclosing mass M . We
choose a top-hat function for W̃ (kR);

W̃ (y) =
3

y3
(sin y − y cos y) . (A13)

We adopt here a power spectrum

P (k) ∝ kn T (k)2 , (A14)

where the Bardeen-Bond-Kaiser-Szalay (BBKS) transfer
function [68] is used for T (k):

T (k) =
ln(1 + 2.34q)

2.34q
[1 + 3.89q +

(16.1q)2 + (5.46q)3 + (6.71q)4]−1/4 , (A15)

with q ≡ k/(Ωmh2) (Mpc). P (k) and σ(M) are normal-
ized by simulating σ(M) in spheres of R = 8/h Mpc,
commonly known as σ8. We use σ8 = 0.9 from the con-
cordance model.

Finally, we provide an expression for the linear growth
rate D(z) [69], which can be expressed as

D(z) =
1

1 + z

g(z)

g(0)
, (A16)

where

g(z) =
5

2
Ωm(z) ×

[

Ωm(z)4/7 −

ΩΛ +

(

1 +
Ωm(z)

2

) (

1 +
ΩΛ

70

)]−1

. (A17)

3. Evolution of halos

In order to assign the appropriate BH mass to a host
halo, we need to evolve back in time the halo mass, and
calculate its mass at the redshift of formation of the
SMBH. We follow the semi-analytic study of halo evo-
lution with merger trees, carried out in Ref. [26], and
express the halo mass at z0 as a function of an earlier
redshift z1

M(z0) = M(z1) exp

[

S

1 + zc

(

1 + z1

1 + z0
− 1

)]

. (A18)

The free paramter S is proportional to the logarithmic
slope of accretion rate, dlogM/da where a = 1/(1 + z),



43

In our semi-analytic approach: 0.73 (used) < \sigma_8 < 1 the halo signal 
varies by a factor ~ 2 at z=0.

EFFECTS OF SIGMA_8


