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Motivation

Diffuse Backgrounds – How to analyse this data?
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(#/pixel =⇒ count map)

Mean Intensity 〈I 〉
single number, limited

variance ∼ 〈I 2〉
2-point correlations!
mostly diffuse/isotropic

higher moments? ∼ 〈I n〉
how to interpret?
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Motivation

Study the probability distribution of counts/intensities/fluxes
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Comparison to Zechlin et al. (1512.07190)
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Example Problem

Dark Matter contribution to the diffuse extragalactic γ flux?

arXiv:1506.05118
MF, S. Ando, S.K. Lee
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Model Inputs for dN/dF

Fermi telescope’s angular resolution ( =⇒ Npixel)

theoretically-motivated, simulation fitted DM halo model

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 mχ = 85 GeV

For now, simply work at 1 GeV only

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 pdf of mχ = 85 GeV WIMP (at 1 GeV)
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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 P1(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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Qualitative Features (and physical interpretation)

1 The distribution is not a Gaussian.

2 At high flux we reproduce the F−2.5 powerlaw tail from P1(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 diffuse background.

4 The peak is much thinner than a Gaussian of equal (µ, σ)
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What will knowing the DM P(F ) change for us?

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−2s−1sr−1MeV−1

=⇒ Existing limits are only weaker by a percent-level factor
(small correction, with Powerlaws it could have been MUCH more!)

High-energy Astrophysics in a single pixel



Strategy 2: Use the diffuse background’s anisotropy

For a Gaussian P(F ), Wiener-Khinchin says all info is contained in

the mean (strategy 1)

the variance (decompose into C` =⇒ anisotropy)

This is the case e.g. for CMB.

But the dark matter P(F ) is not a Gaussian

There is new information hidden in the higher moments...
(Monopole and Anisotropy complementary but not complete)
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Flashback to ‘Motivation’

How to analyse this data?
Predicting P(F ) guides our data analysis!
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Mean Intensity 〈I 〉
corrections ≥ 5%

variance ∼ 〈I 2〉
thinner than a gaussian
not complete story

higher moments? ∼ 〈I n〉
yes, powerlaw tail!
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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 + Brvir

1 + B
. (5.2)

We clearly recover R ⇠ rs when the contribution from substructure is negligible (B ⌧ 1),
and R ⇠ rvir 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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diffuse DM background
vs.
potential DM sources

thin P(F ) peak
=⇒

well-determined FPS/FBG

DSphs Challenging,
worse with more boost(!)

Cluster FPS/FBG bad even
without astrophysics

Diffuse DM background is very relevant for DM point searches!
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Strategy 4: One-Point Fluctuation Analysis

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

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

Extrapolate Blazars to predict their P(F ), all else is Gaussian
(model improvements underway)

Various P(F ) combinations to get

a prediction for no DM signal (null hypothesis), and
predictions for various values of 〈σv〉 (mock data)
χ2 poorness-of-fit to forecast our statistical power.
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Strategy 4: One-Point Fluctuation 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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1 GeV: 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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Example Problem (II)

Star-forming galaxy contribution to the high-energy ν flux?

(Preliminary!!!)
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Model Inputs for dN/dS

Icecube has different responses for tracks and showers

Infrared Luminosity Fn for SFG extrapolated to dN/d(Sν):

IR/γ correlation
two γ-to-ν models: leptonic and hadronic
Γ = 2.2 spectrum
No PeV cutoff

Backgrounds: Fermi 2FHL gives dN/d(Sγ) of BL-Lacs

etc.
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ν intensity distribution from SFG at IceCube

(Preliminary!)

SB + SF-AGN indeed contribute to the observed flux.
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High-Energy Neutrino Astronomy of SFGs

P(I) tells us about SFG Search Strategies (with ν telescopes)

Most SFG not visible as point sources over the diffuse background
due to other SFGs, with intrinsic bound

FPS/FBG < 4 or 5

due to the angular resolution of Icecube

Just like γ DM point searches: This does not account for other
backgrounds, it will be even smaller in real data.
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Summary

Methodology

We can (& should) model the origin of diffuse backgrounds
(we learn more than just fitting them!)

Science

P(F1GeV ) for DM:

existing isotropic flux limits are a few % too optimistic
look for dwarfs, not clusters
1-pt fluctuation analysis very promising

P(Sν) for SFG (Preliminary!!!)
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