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Motivation
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Both of these photon count maps have the same mean intensity

But one clearly has more information!
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Motivation

We should care about the probability distribution of intensities
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Motivation

Objective: Use the photon count distribution over many pixels
as our observable.

1 This information is currently unexploited.
2 This “one point-function” is complementary to anisotropy!

More precisely:
1 Model/predict the count distribution due to both DM

annihilations and astrophysical backgrounds (this talk)
2 Compare it to the experimentally observed distribution (future)

Read all about it in

arXiv:1506.05118

MF, S. Ando, S.K. Lee
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The only slide with maths

Observed Flux =
X

all halos

Flux from one unresolved halo

Flux from one halo =

ZZ

L,z,···
horribleFn(unknown parameters)

But we want the Flux Distribution

P(F ) = P

1

(F ) ? P

1

(F ) ? · · · ? P

1

(F )

P

1

(F ) = marginalise away uncertainties
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Model Inputs

Fermi telescope’s angular resolution ( =) N

pix

)

theoretically-motivated, simulation fitted mass function

NFW profile with low-mass flattening of c(M, z)

three substructure boost models:
conservative – no boost
sensible – fit to simulation, (Sánchez-Conde + Prada, 2014)
optimistic – powerlaw (Gao et al., 2012)

WIMP with thermal cross-section and m� = 85 GeV

The mean DM intensity between 0.2% and 2% of the EGB (at
1 GeV) depending on optimism regarding substructure boost.
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Flux distribution P1(F ) of a single halo
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Figure 1: The flux/intensity PDF for a single dark matter source, P
1

(F ), with its depen-
dence on photon energy (left) and boost models (right). In the right panel, the blue, black,
and red curves represent respectively the pessimistic, fiducial, and optimistic models of the
subhalo boost. The choice of boost model clearly and significantly a�ects the functional form
of the one-point function. The log-slopes of the fiducial model are o�set (black dashed) and
quantified for convenience. The flux F and intensity I of the gamma-ray background are
related via the instrument’s pixel size: F = I�

pix

, where �
pix

� 5.8�10�4 sr for E = 1 GeV
photons.

were found to be robust to changes in these inputs. Indeed, the function a(c) in the J
factor [Eq. (3.5)] is very smoothly decreasing for c > 1, so the choice of concentration model
does not influence the final result much. Similarly, �(M) only changes by about an order
of magnitude over many orders of magnitude of halo masses, so varying models of T (k) (or
even using an N-body fit [56]) does not significantly change P

1

(F ) either.
Using such a simple, ‘self-similar’ mass function, is not without shortcomings: these

Markov-process models do not follow individual halo histories, and cannot account for dy-
namical e�ects such as dynamical friction or tidal stripping. This, amongst other concerns,
underlines the danger of our uncontrolled extrapolation of the mass function down to halo
masses 10�6M�. Nevertheless, mass function fits to N-body simulations are often very good;
the fits even favour ellipsoidal collapse models [43, 44] (which we adopt in this study) over
the spherical collapse models of the seminal papers. The ellipsoidal collapse model is accu-
rate to a few % over the large halo mass range (while spherical collapse [38] underestimates
the number of FOF halos [57]) and gives an excellent fit in the range of 105–109M� [58].
Ellipsoidal collapse is also suitable for halos as small as 103M� and as early as z = 15 [59].
We studied dependence of the mass function on �, in addition to ellipsoidal collapse [42].
Without significantly changing P

1

(F ),we find that the delayed structure formation gives a
roughly three times larger total flux (by increasing the number of halos N) than if we had
used a mass function for which the cosmological constant is ignored [43, 44].

We will need, when computing the total P (F ), to compute the first few moments of

– 10 –
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Methodological digression

The method from arxiv:1506.05118 in one sentence

We use probability-theoretical arguments to justify a binomial
expansion that ‘divides and conquers’ the problem.
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Figure 2: Schematic of the F� cuto� of P
1

(F ) into high/low flux. In our computation of
the full P (F ), the central limit theorem is used to combine the fluxes from the many sources
fainter than F�, that follow a distribution PF<F�

1

(F ). Monte Carlo is used above this cuto�
to combine the halo fluxes drawn from PF>F�

1

(F ).

We note that when taking the convolution of our Monte Carlo result with our faint-
halo Gaussian, we care mostly about the peak of the Gaussian (since the peak is the largest
contribution to the convolution integral). The CLT thus o�ers a suitable approximation of the
PF<F�

1

(F ) autoconvolution for this purpose, despite deviations from a Normal distribution
in tails. In fact, for practical purposes only the peak matters and the convolution, Eq. (4.3),
is a trivial shift of the Monte Carlo result to higher fluxes.

For a more detailed derivation of these results, see Appendix B.

4.2.2 Flux distribution and instrumental sensitivity

In Fig. 3, we show the flux PDF P (F ) for the three subhalo boost models. As discussed above,
the distributions are well represented by the ‘di�use’ component of nearly Gaussian with a
power-law tail at high-flux regime. The mean of this distribution [Eq. (4.1)] corresponds
to ⇠10�12 cm�2 s�1 sr�1 MeV�1 of the di�use gamma-ray background, with an order-of-
magnitude level dependence on the model (see Table 2). This is the value used as the mean
intensity in the literature, in order to constrain the dark matter annihilation cross section
from the comparison with the spectral data [64]. However, our PDF analysis shows that the
distribution is skewed, such that the mean is not the most likely value to be observed in any
given pixel: the mode is typically lower than the mean, by a boost-dependent factor of the
order of a few percent, again summarised in Table 2. If one instead uses these most likely
values, then the upper limits on annihilation cross-section will accordingly remain relatively
stable: existing upper limits are thereby relatively immune to the non-Gaussianity of the
P (F ) tails. However, for accurate results, one has to perform the data analysis by taking
into account the full shape of P (F ).

Before contrasting our dark matter signature to known and well-observed astrophysical
sources such as galaxy clusters and blazars in the next section, we briefly touch on whether
Fermi is sensitive enough to see it at all. A flux of a single, GeV photons per pixel, over

– 12 –

Modelling the extragalactic flux distribution from dark matter



Flux distribution P(F ) of the entire background
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Figure 3: The flux PDF P (F ) per pixel. The blue, black, and red curves represent respec-
tively the pessimistic, fiducial, and optimistic models of the subhalo boost. Instrumental
responses of Fermi-LAT on detecting P (F ) are schematically shown. Vertical lines represent
a flux corresponding to a single, one GeV photon per pixel, over the course of a mission of
duration 5 (10) years. The Horizontal line schematises the angular resolution limit [Eq. (4.4)]
at 1 GeV.

Boost model Mean Most Likely Di�erence Ratio EGB fraction

No boost 1.0 1.0 0.0 � 1.0 0.2%

Fiducial 3.68 3.52 0.16 � 1.05 0.6%

Optimistic 15.2 11.9 3.3 �1.3 2.5%

Table 2: Mean and most likely extragalactic dark matter annihilation intensities as a func-
tion of the substructure boost model, in units of 10�12 cm�2 s�1 sr�1 MeV�1. The di�erence
between these quantities is percent-level, securing existing constraints on particle dark mat-
ter properties against the non-Gaussianity of P (F ). We also provide, for interest, the value
of this mean contribution of the DM as a fraction of the unresolved EGB at 1 GeV [65].

a 5 year mission with LAT’s e�ective area of 0.9 m2 and a field of view of 1/5 of the sky,
corresponds to a di�erential flux of 6 � 10�12 cm�2 s�1 sr�1 MeV�1. The bulk of the one-
point function P (F ), with its peak of 3.5 � 10�12 cm�2 s�1 sr�1 MeV�1, lies just below this
sensitivity limit. See the vertical dashed lines in Fig. 3, for the sensitivity curves for 5-year
and 10-year Fermi exposure.

There will be a small fraction of the pixels that register photons from the high-flux tail.
Since the high-flux power-law tail is characterised by P

1

(F ) (see Fig. 10 in Appendix B),
this is to some extent equivalent to computing “the probability of seeing a dark matter point

– 13 –
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P(F )

Qualitative Features:

1 The distribution is not a Gaussian.

2 At high flux we reproduce the F

�2.5 ‘tail’ from P

1

(F ).

A single bright source dominates the flux from the pixel.

3 At low flux we have a roughly Gaussian peak.

This is characteristic of a di↵use background.

4 The peak is much thinner than a Gaussian of equal (µ, �)
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P(F )
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Figure 3: The flux PDF P (F ) per pixel. The blue, black, and red curves represent respec-
tively the pessimistic, fiducial, and optimistic models of the subhalo boost. Instrumental
responses of Fermi-LAT on detecting P (F ) are schematically shown. Vertical lines represent
a flux corresponding to a single, one GeV photon per pixel, over the course of a mission of
duration 5 (10) years. The Horizontal line schematises the angular resolution limit [Eq. (4.4)]
at 1 GeV.
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Table 2: Mean and most likely extragalactic dark matter annihilation intensities as a func-
tion of the substructure boost model, in units of 10�12 cm�2 s�1 sr�1 MeV�1. The di�erence
between these quantities is percent-level, securing existing constraints on particle dark mat-
ter properties against the non-Gaussianity of P (F ). We also provide, for interest, the value
of this mean contribution of the DM as a fraction of the unresolved EGB at 1 GeV [65].

a 5 year mission with LAT’s e�ective area of 0.9 m2 and a field of view of 1/5 of the sky,
corresponds to a di�erential flux of 6 � 10�12 cm�2 s�1 sr�1 MeV�1. The bulk of the one-
point function P (F ), with its peak of 3.5 � 10�12 cm�2 s�1 sr�1 MeV�1, lies just below this
sensitivity limit. See the vertical dashed lines in Fig. 3, for the sensitivity curves for 5-year
and 10-year Fermi exposure.

There will be a small fraction of the pixels that register photons from the high-flux tail.
Since the high-flux power-law tail is characterised by P

1

(F ) (see Fig. 10 in Appendix B),
this is to some extent equivalent to computing “the probability of seeing a dark matter point
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“1” = di↵use background of unresolved point sources

“2 or more” = a single unresolved point source is as bright as
everything else in that pixel

Remember to add shot noise on top of this!
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Quick half-way summary

We modelled the �EGB flux due to DM distributionally.
Distribution’s features have sensible interpretations
Studied dependence on modelling choices (Boost, c(M), LSS , ...)

TODO: How does knowing P(F ) a↵ect DM search strategies?

Many indirect detection strategies, P(F ) relevant for all of them!
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Strategy 1: Use the Mean EGB Intensity

SKEWNESS =) The mean is NOT the most likely value.

Boost model Mean Most Likely Ratio
No boost 1.0 1.0
Fiducial 3.68 3.52 ⇠ 5%
Optimistic 15.2 11.9 ⇠ 25%

Table: Intensities at 1 GeV in units of 10�12

cm

�2

s

�1

sr

�1

MeV

�1

Existing limits are only weaker by a percent-level factor
(just a correction, but it could have been MUCH more!)
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Strategy 2: Use the di↵use background’s anisotropy

For a Gaussian P(F ), all info is contained in

the mean (strategy 1)

the variance (decompose into C`, strategy 3)

This is the case e.g. for CMB.

But, our P(F ) is not a Gaussian

There is new information hidden in the higher moments too...

Complementarity!
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Strategy 3: Look at promising sources
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Figure 4: Brightnesses of promising clusters and dwarf spheroidal galaxies superposed on the
extragalactic dark matter annihilation gamma-ray background. The color code is the same
as for previous figures. We assume that dwarf spheroidals have no substructure boost. The
fiducial model does not favour indirect searches with clusters. The inversion of predictions for
Coma and Fornax between top and bottom panels accounts for source extension, as explained
in the main text.

factor gives the fractions of luminosity from the host and its substructure, so a rough estimate
of the cluster radius we should convert into an angular extension is

R =
rs + Br

vir

1 + B
. (5.2)

We clearly recover R ⇠ rs when the contribution from substructure is negligible (B � 1),
and R ⇠ r

vir

when B � 1. The angle arctan(R/dA) then determines the number of pixels
over which the flux is averaged into an intensity. This corresponds to flux dilutions over
roughly 10 pixels for Coma and 60 pixels for Fornax, explaining why intensities from Coma
and Fornax appear inverted in lower two panels of Fig. 4: the total flux increases when
considering substructure, but flux per solid angle decreases more for Fornax than for Coma.
The fact that the intensity from Fornax appears to decrease from the top panel to the lower
panels of Fig. 4 is then just a manifestation of the di�erence between seeing Fornax as a
point source in the top panel or as an extended source in the lower panels.

For the optimistic boost model, Coma stands out in the tail of P (F ), while Fornax
is only barely more visible than if it (pessimistically) had no substructure. Although our
treatment of source extension is somewhat naive, the di�use gamma-ray background would
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di↵use DM
background vs.
DM sources

thin peak
=)
precise S/N

DSphs
Challenging,
worse with more
boost(!)

Cluster S/N bad
even without

astrophysics
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Strategy 4: One-Point Function analysis

Compare the predicted P(F ) to the experimental P(Counts)

We need to model the astrophysical backgrounds’ P(F ) too!

Blazars contribute 15 ± 1% of the EGB flux at 1 GeV
Extrapolate dN/dS to predict the blazar P(F ).

The remaining di↵use component has a Gaussian P(F )
(improvements underway)

Various P(F ) combinations to get
a prediction for no DM signal (null hypothesis), and
predictions for various values of h�vi (mock data)
�2 poorness-of-fit to forecast our statistical power.
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Strategy 4: One-Point Function analysis
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Figure 8: Predicted statistical significance of a (hypothetical) one-point-function-only de-
tection of a dark matter annihilation signal above perfectly characterised astrophysical back-
grounds, as a function of the dark matter cross section. Curves are labelled by the flux Smin

down to which the blazar distribution is extrapolated (see Table 3). Horizontal lines (blue,
dashed) represent some common choices of confidence level. Including the energy-dependence
of the flux distributions would improve these results, at the cost of a greater dependence on
the annihilation spectrum.

by including the energy dependence of the di�erential flux to break the degeneracy with the
astrophysical backgrounds [28]. Such a study would remain sensitive to (but would allow a
quantitative analysis of) the assumptions and uncertainties of the astrophysical background
model. Yet, even without this spectral input, our forecasted one-point upper limit on the
cross-section is on par with the most recent (spectral) constraints [5] based on the mean value
alone.

In addition to the extragalactic dark matter flux, there will be a component due to
Galactic substructures. The one-point distribution of such a Galactic component has been
predicted [25], and similarly features a power-law high-flux tail. Due to the energy spec-
trum Eq. (3.8), if the mean intensity from subhalos at the anticenter integrated above
10 GeV is ⇠ 10�10 cm�2 s�2 sr�1 [25], then the mean di�erential intensity at 1 GeV is
hIi ⇠ 10�12 cm�2 s�1 sr�1 MeV�1. This is of the same order of magnitude as the extragalac-
tic component discussed above, and with the same high-flux F�2.5 power-law tail. Thus,
including the Galactic component would further enhance the expected signal-to-noise for po-
tential detection. We finally note that the Galactic component will show a dipole feature,
with more flux from the Galactic center than the anticenter, which can in principle be used
to discriminate it from the isotropic extragalactic component.

5.4 Caveats

There are a number of caveats on the results presented in this study. Firstly, a large number
of assumptions were used to simplify the hierarchical model without a proper sensitivity
analysis. We assumed there is no scatter in the halo parameters [Eq. (2.6)], or any uncertainty
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No energy spectrum in this analysis (yet!)

We’re still ignoring most of the available data. Even then, our
projections are already competitive with e.g. Fermi Dwarfs!
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Summary

What we did

The probability distribution of DM halo fluxes was characterised:

Single-source distribution and EGB contribution distribution.

P(F ) not just a Gaussian, but has a powerlaw tail.

Why it matters

existing hI
EGB

i limits weakened by only a few percent.

extragalactic di↵use background is an irreducible background
for point searches; Galaxy clusters less promising than DSphs.

one-point analysis can be competitive with other methods –
even without using energy spectra.
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