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Extragalactic energy spectrum
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Approaches for DM search in the IGRB  

• Analysis of anisotropies in the ‘isotropic’ gamma-ray backgr.   
✓1-point PDF 
✓angular power spectrum (or wavelets) 
✓cross-correlations  
 

• Traditional use of IGRB’s energy spectrum 
✓CONs: 

- Only one handle (the Energy spectrum) to separate out a 
dark matter component 

✓PROs: 
- Large photon count statistics (up to ~800 GeV) 
- (arguably) Less sensitive to uncertainties in modeling of 
angular and redshift distributions of DM and backgrounds 

Ben Safdi’s talk

Mattia Fornasa’s talk

Alessandro Cuoco’s talk



Main challenges for this DM search 

1. Derivation of the IGRB/EGB  
✓ modeling the galactic diffuse emissions 

2. Predictions of DM clustering (for DM annih. cross sections) 
(NB: not an issue for decaying DM signals)  

 

3. Incorporate ‘guaranteed’ extragalactic contributions to IGRB 



The Isotropic Gamma-ray Background (IGRB)  

energy spectrum



The)Fermi)LAT)IGRB)spectrum 
[Isotropic*Gamma.Ray*Background]

Markus Ackerman’s Talk



Galactic diffuse emission: Template Fitting Procedure 

(maximum likelihood in each pixel and energy bin) 

Built fro
m a set of 

gamma-ray emission 

templates 

Markus Ackerman’s Talk

Dark Matter template



A Comment on Galactic emission templates

• No Galactic DM template used in the IGRB measurement 
• Could a Galactic DM gamma-ray signal effect the IGRB 

measurement? 

Example:   
A 5 TeV WIMP with  

into b-quarks 
modifies the  
IGRB measurement

h�vi = 10�23cm3/s

Galactic DM   
alters IGRB  
measurement

(For NFW with local DM 
density of 0.2 GeV/cm3)



Region of `modified` IGRB

Galactic DM signal template  
would alter the IGRB measurement



The Extragalactic  
Dark Matter Signal Strength



Extragalactic γ-rays from annihilating DM

DM particle  
properties

geometry spectrum at 
emission

observed 
spectrum

Optical Depth

Dark Matter 
Density

# of annihilations 
per unit volume

Ullio et al. (2002)
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Dark matter power spectrum

A Power Spectrum approach
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A Power Spectrum approach
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The matter power spectrum:
a direct measure of the amplitude of matter 
fluctuations as a function of scale. 

Sufusatti+ MNRAS, 2014

all-in-one function!
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A Power Spectrum approach
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shot noise subtracted Sufusatti+ MNRAS, 2014
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A Power Spectrum approach

0.1 10 1000 105 107
0.1

10

1000

105

107

k @hMpc-1D

D
N
LHkL

z = 1

Millenium Simulation
Millenium Simulation II

linear
shot-noise

125 times better mass resolution

Sufusatti+ MNRAS, 2014
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A Power Spectrum approach

The extrapolation:

�NL(k) = F [�L(kL)]
self-similarity
stable clustering 

F(x) ⇠ x

3/2

Sufusatti+ MNRAS, 2014

all-in-one function!

⇥(z) = h�2(z, ⇥̂)i =
Z k

max

0

dk

k
�NL(k) �NL(k) ⌘

k3 PNL(k)

2�2

The Flux  
Multiplier

Peebles ’80
Hamilton et al. 91’
Peacock & Dodds ‘94



Sufusatti+ MNRAS, 2014

all-in-one function!
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Estimating uncertainties ... 
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all-in-one function!
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all-in-one function!
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The Halo Model approach

all DM particles belong to a DM halo of a given mass
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Ingredients:
1. Halos mass function 
2. Halos density profile (NFW, Einasto, etc ...)
3. Halos concentration 
+ all of the above for subhalos 

1106 A. D. Ludlow et al.

Figure 1. Halo density profiles and accretion histories. Left-hand panel: median density profiles of MS-II relaxed haloes in the mass range 1.24 <

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

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

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

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

4 R ESULTS

4.1 The mass–concentration–shape relations

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

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

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

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

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

4.2 Characteristic densities and assembly times

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

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

3. HALO MASS FUNCTION

3.1. Fitting Formula and General Results

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

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

dn

dM
¼ f (#)

%̄m
M

d ln #%1

dM
: ð2Þ

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

#2 ¼
Z

P(k)Ŵ (kR)k 2 dk; ð4Þ

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

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

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

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

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

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

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

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

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

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

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

TINKER ET AL.716 Vol. 688

Ludlow et al. (2013)

Tinker et al. (2008) See Shin’ichiro Ando’s talk

Flux  
multiplier



The smallest scale (kmax) / minimal halo mass (Mmin)Theory: Damping of the primordial power spectrum

due to CDM free streaming or acoustic oscillations

after kinetic decoupling

Typical Mmin for a WIMP = 10-6 Msun

Primordial power spectrum

Green et al, 2005

High resolution

average density

patch

10-6 Msun

z=26

Diemand et al, 2005

10-6 Msun

   Modeling the structure of dark matter halos
   from theory of structure formation (M< 105 Msun)

Cut-off scale: 

1. Depend on you DM particle candidate 

2. Not necessarily any trivial relation 
between cut in kmax  and Mmin  
 
Here I will take: k

max

=
⇡

r
s

c.f. Oliver Hahn’s talk

rs = r200(Mmin)/c200(Mmin, z)



Dependence of                                    on Minimal Halo Mass cut-off.  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Induced gamma-ray Signal

DM!example!with!100%!annihilaMon!
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Dark Matter Limits



A. conservative limits:

When DM signal overshoots data  
points by 2-sigma (statistical).  

‘Statistical’ error-bars (stat_Err+eff_Area
+CR cont. uncert) moved to upper edge 
of systematic uncertainty band 

No assumptions on astrophysical 
isotropic contributions! 

Extra Galactic  
signal

Galactic  
Sub Structure

Total DM signal

Isotropic DM signal =  
   from Extra Galactic + Milky Way substructures

Fermi-LAT Collaboration, 
JCAP 1509 (2015) 09, 008 

http://inspirehep.net/search?p=collaboration:%27Fermi-LAT%27&ln=en


Minimal Galactic 
SubStructure

Benchmark 
Galactic SS

Band width from 
theoretical 
uncertainty in 
Cosmological DM 
signal prediction.

Annihilation into b-quarks (Mmin =10-6 Msun). 

A. conservative limits:

Fermi-LAT Collaboration, 
JCAP 1509 (2015) 09, 008 

http://inspirehep.net/search?p=collaboration:%27Fermi-LAT%27&ln=en


Minimal Galactic 
SubStructure

Benchmark 
Galactic SS

Band width from 
theoretical 
uncertainty in 
Cosmological DM 
signal prediction.

Annihilation into b-quarks (Mmin =10-6 Msun). 

A. conservative limits:

Fermi-LAT Collaboration, 
JCAP 1509 (2015) 09, 008 

http://inspirehep.net/search?p=collaboration:%27Fermi-LAT%27&ln=en


Assume the astrophysical 
contributions sum up to: 

Perform a Chi-square (χ2) fit  
including the DM signal 

Limit when DM signal worsens 
overall χ2 fit by +4 (2-sigma C.L.)

Extra Galactic  
signal

Galactic  
Sub Structure

Sum

Note:!The!background!model!gives!good!fit.!26!(uncorrelated)!data!points!with!a!reduced!χ2!of!0.5!for!23  
!!!!!!!!!!!!degrees/of/freedom.!The!3!free!parameters!in!the!fit!are:!spectral!index,!norm!and!cut/off!energy.

B. “Sensitivity reach”:

Fermi-LAT Collaboration, 
JCAP 1509 (2015) 09, 008 

http://inspirehep.net/search?p=collaboration:%27Fermi-LAT%27&ln=en


Minimal Galactic 
SubStructure

Benchmark 
Galactic SS

Band width from 
theoretical 
uncertainty in 
Cosmological DM 
signal prediction.

Annihilation into b-quarks (Mmin =10-6 Msun). 

B. “Sensitivity reach”:

Fermi-LAT Collaboration, 
JCAP 1509 (2015) 09, 008 



Minimal Galactic 
SubStructure

Benchmark 
Galactic SS

Band width from 
theoretical 
uncertainty in 
Cosmological DM 
signal prediction.

Annihilation into b-quarks (Mmin =10-6 Msun). 

B. “Sensitivity reach”:

Fermi-LAT Collaboration, 
JCAP 1509 (2015) 09, 008 



‘guaranteed’  
contributions to IGRB 



Origin&of&the&Extragalactic&Gamma3ray&Background&(EGB)
[EGB%==%IGRB%+%individually%resolved%extragalacEc%sources]

Numerous sub-
treshold point 

sources 

3FGL: 3033 sources, 
  —1100  Blazars 

Blazars. Based on 
properties of resolved 
population (~400 BL Lacs 

+ FSRQs with redshift info): 
- luminosity function 
- spectra 
- red shift evolution

Star-forming galaxies. 

~5 detected by Fermi-
LAT, ans use of corre-
lation with radio and 
infrared band. 

[Ackermann et al. 2012ApJ 755 164A ]

Radio galaxies (MAGN) 

~15 detected by Fermi-
LAT and use of corre-
lation with radio band. 

[Inoue 2011ApJ 733 66I]

See Mattia Di Mauro’s talk

[Ajello+, ApJL, 2015)]



EGB can be explained by the contributions from  
blazars, radio and star-forming galaxies 

→ limits on additional contributions — e.g. dark matter signals 

Origin&of&the&Extragalactic&Gamma3ray&Background&(EGB)

[Ajello+, ApJL, 2015)]



Combining Things Together

Uncertainty in galactic diffuse emission and unresolved sources:  

– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

DM clustering  
uncertainty

Realistic setups (start to) probe generic prediction for WIMP models  
- thermal freeze out cross section. 

[Ajello+, ApJL, 2015)]



similar

Results for Different Search targets  
(for the b-quark Channel)



Goals:

First and Last Name  |  Title of Presentation  |  Date  |  Page  

Main goals of pass8 analysis.

2

Extend energy range to <~30 MeV Reduce foreground modeling systematic uncertainty

Reduce  
high-energy  
statistical  
uncertainty

Resolve more sources.
Extend the measurement 
to >~ 2 TeV (probably 
IGRB limits only)Better high-energy PSF / PSF classes/ 

reduction of IGRB with respect to the EGB

Better effective area at high energies / low energies.

Accurate energy reconstruction beyond 1 TeV.

Markus Ackermans Talk

Pass 8 IGRB/EGB measurement — ongoing



Projected Limits for b-quark Channel, 
for 15 Years of Data


