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Non-Poissonian Template Fit
I Basic idea: characterize populations of unresolved point

sources using photon-count statistics in pixelated data

I Some history:
I P (D) distribution in X-ray astronomy (∼70’s / 80’s)
I Lee, Ando, Kamionkowski (2008): prospects for P (D)

analysis of Fermi data for annihilation in subhalos
I Malyshev and Hogg (2011): applied fluctuation analysis to

Fermi data to understand extragalactic gamma-ray
background (EGB)

I Analytic formalism for calculating probabilities
I Lee, Lisanti, B.S. (2014): showed fluctuation analysis

useful for Galactic Center excess
I Lee, Lisanti, B.S., Slatyer, Xue (2015): developed

Non-Poissonian Template Fit (NPTF) and applied to
Galactic Center excess

I Spatial distribution of PSs and background in likelihood
I Further applications and development of P (D) distribution

(1pPDF) and NPTF by Zechlin et. al. (2016 + 2017) for
EGB, many other applications since then ...

I My focus today: explain the NPTF as a method
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Example Application: Fermi
Galactic Center Excess



Galactic Center Excess in Fermi data

Daylan et. al., 2014

I Spherically symmetric excess (consistent with DM
annihilation) Goodenough & Hooper, 2009; Fermi 2015; . . .

I Natural thermal relic: σAv ∼ 10−26 cm3 s−1 (400+ papers)

I Energy spectrum is hard (peaking ∼2 GeV) (see. Dylan et. al. 2014

and Calore et. al. 2015)

I Robust against mis-modeling cosmic-ray-induced emission
(but see E. Carlson et. al. 2016)
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Dark Matter or dim Point Sources?

NASA, Skyworks Digital

I Spherically symmetric population of millisecond pulsars
I ApJ 812 (2015): T. Brandt, B. Kocsis—Globular cluster

model + MSP luminosity
I May appear more PS-like than DM annihilation



The Non-Poissonian Template Fit



Photon Statistics: DM vs. Point Sources
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Photon Statistics: Point Sources

I p
(p)
k = probability of finding k photons in pixel p

I Smooth emission: Poissonian counting statistics:
p
(p)
k = λke−λ/k!

I Point-source emission: Non-Poissonian counting statistics
I (1) What is probability to find a PS in a given pixel?
I (2) Given a PS, what is the probability it produces k

photons?

I Source-count:
dN (p)

dF
= Ap


(
F

Fb

)−n1

, F ≥ Fb(
F

Fb

)−n2

, F < Fb

I F is average flux (photons / cm2 / s )
I Ap follow a spatial template

I Calculate the p(p)k with probability generating functions (Malyshev &

Hogg 2011) + recursion relations (Lee, Lisanti, B.S. 2014)
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Non-Poissonian template fit (NPTF)

I data set d (counts in each pixel {np})

I modelM with parameters θ

I The likelihood function:

p(d|θ,M) =
∏

pixels p

p(p)np
(θ)



Non-Poissonian template fit (NPTF)

I data set d (counts in each pixel {np})

I modelM with parameters θ

I The likelihood function:

p(d|θ,M) =
∏

pixels p

p(p)np
(θ)



Non-Poissonian template fit (NPTF)

I data set d (counts in each pixel {np})

I modelM with parameters θ

I The likelihood function:

p(d|θ,M) =
∏

pixels p

p(p)np
(θ)



The NPTF Code Package (NPTFit)

I N. Rodd, B.S., S. Mishra-Sharma, Astron. J. 2017
I Open source: https://github.com/bsafdi/NPTFit
I Extensive documentation:
https://nptfit.readthedocs.io

I Fast and semi-analytic evaluation of p(p)np
(θ) and p(d|θ,M)

in c++
I any PSF, variety of dN/dS characterizations, arbitrary

number of PS templates.
I Python interface
I Bayesian (Multinest) and Frequentist (Minuit) options

https://github.com/bsafdi/NPTFit
https://nptfit.readthedocs.io


NPTF in practice: the Galactic
Center Excess



Fermi data

0902.1089

Fermi (NASA)

1406.0507

I Pass 8 data:
Ultracleanveto class, top
quartile by PSF (August 4,
2008—June 3, 2015)

I Energy range: ∼2–12 GeV



The models: Poissonian templates

0 40 0 1

Fermi p6v11 diffuse (1) Fermi bubbles (1)

0 1.5 0 1.5

Isotropic (1) NFW (1)



The models: Non-Poissonian templates

0 1.5 0 1.5

Isotropic PS (4) NFW PS (4)

Disk PS (4)

• Disk: n ∝ exp (−R/ 5 kpc)exp (−|z|/ 0.3 kpc)



The ` = 0◦ excess: source-count function
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eNPTF: Adding in Energy
dependence (in progress)



The Energy-Dependent Non-Poissonian Template Fit
(eNPTF)

I M. Buschmann (UM), N. Rodd (MIT/Berkeley), B.S. (UM)
(to appear 2018)

I data set d (counts in each pixel {n(1)p , n(2)p , . . . , n(Ne)
p } in Ne

energy bins)

I The likelihood function:

p(d|θ,M) =
∏

pixels p

p
(p)

n
(1)
p ,n

(2)
p ,...,n

(Ne)
p

(θ)

I Keeps correlation between photons in same pixel but
different energy bins, allows for non-trivial spectra inM.
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The eNPTF
I The p(p)

n
(1)
p ,n

(2)
p ,...,n

(Ne)
p

(θ) computed from probability

generating functions + combinatorics
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The eNPTF example: The GCE with Monte Carlo

I 3 energy bins [2.0, 5.0, 12.6, 31.7] GeV
I known 3FGL sources masked
I Simulated components:

I Diffuse emission
I Known PSs
I Unresolved disk and isotropic PSs
I Spherical PS population with spectrum of GCE

I Templates:
I Diffuse emission (3)
I Known PSs (3)
I Spherical PS population with spectrum of GCE (4 + 2)

I dN/dF is broken power-law

I Spectral definition: f1 = N2/N1, f2 = N3/N1



The eNPTF example: The GCE with Monte Carlo



Summary and Outlook

I NPTF a powerful method for characterizing populations of
unresolved point sources

I Basic idea: learn about populations of sources by giving up
on knowing about individual constituents

I Similar to e.g. angular power spectrum, but straightforward
to also include knowledge of spatial distribution of sources
and backgrounds

I NPTF has been applied to gamma-rays (Fermi), neutrinos
(IceCube), and also being applied to X-rays (NuSTAR)

I eNPTF to appear soon (2018) and be more powerful
I Warning: often more progress made by incorporating other

data sets (e.g., for the EGB knowledge of source locations
or for extragalactic DM annihilation using locations and
attributes of clusters)
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attributes of clusters)



Questions?



Photon Statistics: Point Sources

I Calculate the p(p)k with probability generating functions

I Generating function:

P(p)(t) =
∞∑
k=0

p
(p)
k tk ↔ p

(p)
k =

1

k!

dkP(p)

dtk

∣∣∣∣
t=0

I Point sources:

P (p)(t) = exp

[ ∞∑
m=1

xpm(tm − 1)

]
, xpm =

∫
dS

dN (p)

dS

Sm

m!
e−S

I Flux to Counts:
dN (p)

dS
=

1

E(p)
dN (p)

dF
I S is average number of photon counts
I E(p) is the exposure map

See Lee, Lisanti, BS 2014 for recusion relations
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Check 1: the ` = 30◦ excess



Mask 4◦ around plane, out to 30◦ around ` = 30◦
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• Plots normalized for region within 10◦ of ROI center (b ≥ 4◦).



Mask 4◦ around plane, out to 30◦ around ` = 30◦
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The ` = 30◦ excess: no evidence for spherical PSs
• NFW DM, NFW PS templates centered around ` = 30◦

• Disk template centered around ` = 0◦
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• Bayes factor ∼ 0.1



The ` = 30◦ excess: no evidence for spherical PSs
• NFW DM, NFW PS templates centered around ` = 30◦

• Disk template centered around ` = 0◦
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ROI: the ` = 0◦ excess



The ` = 0◦ excess: evidence for spherical PSs
• NFW DM, NFW PS templates centered around ` = 0◦

• Disk template centered around ` = 0◦
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The ` = 0◦ excess: evidence for spherical PSs
• NFW DM, NFW PS templates centered around ` = 0◦

• Disk template centered around ` = 0◦
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Extragalactic Gamma Ray
Background



Extragalactic Gamma-ray Background

– 19 –

Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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FIG. 2: �-ray mission from resolved sources. The dotted green line and uncertainty band corresponds to the prediction for BL
Lacs, the double dotted-dashed gray line and band are for FSRQs, while their sum is depicted by the solid blue line and relevant
uncertainty band. The sources detected by the Fermi-LAT are represented by the orange band [5]. The upper blue (lower
black) data refer to the EGB (IGRB) Fermi-LAT data, and include the emission from the resolved and unresolved (unresolved
only) sources. Experimental results have been obtained for the 2FGL blazars within the Galactic foreground model A.

ergy bin Ej . The parameters ↵̄i and �i correspond to the
average and 1-� uncertainty values, respectively, found
for the theoretical predictions of the various source pop-
ulations (see relevant papers, namely [18, 19, 21, 46]).
The second term in the �2 function of Eq. 2 takes into
account the uncertainties on the theoretical modeling,
disfavoring values of ↵i far from ↵̄i, with the weight �i.
For the choice of the free parameters of the fit, we can rea-
son as follows. The �-ray emission from MAGN strongly
depends on the correlation between the radio and � lu-
minosities [19], which induces an uncertainty of about
one order of magnitude in the estimated flux reaching
Earth. The uncertainty in the �-ray luminosity acts es-
sentially as a scaling factor of the flux, as clearly visible
in Fig. 7 of Reference [19]. The global shape of the �-ray
flux is driven by the power-law index � of the MAGN
population SED, for which it was adopted a Gaussian
distribution around the average value �̄=2.37 with 1-�
dispersion of 0.32, and integrated according to Eq. 1.
We have therefore chosen to translate the uncertainty on
this source population into a normalization factor with
respect to the average flux (i.e. the solid line in Fig. 7
of Reference [19]). For the blazar population, the lumi-
nosity function has been derived directly from the �-ray
catalogs. The uncertainty in the luminosity function in-
duces an uncertainty on the �-ray flux less than a factor
of 2. For the BL Lacs population, the uncertainty slightly
increases due to the energy cuto↵ assumed for the SED of
the HSP BL Lacs. As for the case of MAGN, the uncer-
tainty on the di↵use �-ray flux for both populations has
been translated into an overall renormalization with re-
spect to the average contribution declared in [18] for BL
Lacs and in [46] for FSRQs. In particular, for BL Lacs
we treat separately the LISP (LSP and ISP, see [18] for
details) and HSP populations, thus introducing two nor-

IGRB BL Lac FSRQ MAGN SF(MW) �2
IGRB

MODEL A 0.90 ± 0.05 1.03 ± 0.06 0.83 ± 0.07 1.18 ± 0.17 34.4

MODEL B 0.96 ± 0.05 1.02 ± 0.06 1.49 ± 0.09 1.22 ± 0.17 26.5

MODEL C 0.94 ± 0.05 1.01 ± 0.06 0.88 ± 0.07 1.07 ± 0.17 16.4

IGRB BL Lac FSRQ MAGN SF(PL) �2
IGRB

MODEL A 0.85 ± 0.05 1.04 ± 0.06 0.79 ± 0.08 0.94 ± 0.09 64.1

MODEL B 0.91 ± 0.05 1.04 ± 0.06 1.44 ± 0.09 0.98 ± 0.09 45.9

MODEL C 0.88 ± 0.05 1.02 ± 0.06 0.83 ± 0.07 0.95 ± 0.09 33.3

TABLE I: Best fit on the Fermi-LAT IGRB and 1-� values
for the BL Lacs, FSRQ, MAGN, SF (MW model for the first
three rows, PL model for the last ones) normalization factors,
reported with respect their relevant theoretical average values.
The last column reports the �2 value. model A, B and C
refer to the Fermi-LAT data obtained within three di↵erent
modelings of the Galactic foreground [5].

malization parameters in the fit to the IGRB. Finally, the
SF galaxies unresolved emission depends from an IR-� lu-
minosity correlation and the assumed SED shape (MW
or PL model). Also in this case, the variation of the IR-�
correlation gives an overall uncertainty band of about a
factor 4, which can again be described by a scaling factor
[21]. We take e↵ectively into account the possible uncer-
tainties brought by di↵erent SED parameterizations by
discussing separately the MW and PL models.

We end up with five free parameters (M = 5), cor-
responding to five e↵ective normalizations of the theo-
retical contributions to the IGRB, to be included in the
�2 procedure described in Eq. 2. The fit has been per-
formed on the IGRB data and for all the three di↵erent
modelings (A, B, C) of the Galactic foreground [5].

Our main results are summarized in Table I, where we
report the value of the best fit and 1-� errors for the
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Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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FIG. 2: �-ray mission from resolved sources. The dotted green line and uncertainty band corresponds to the prediction for BL
Lacs, the double dotted-dashed gray line and band are for FSRQs, while their sum is depicted by the solid blue line and relevant
uncertainty band. The sources detected by the Fermi-LAT are represented by the orange band [5]. The upper blue (lower
black) data refer to the EGB (IGRB) Fermi-LAT data, and include the emission from the resolved and unresolved (unresolved
only) sources. Experimental results have been obtained for the 2FGL blazars within the Galactic foreground model A.

ergy bin Ej . The parameters ↵̄i and �i correspond to the
average and 1-� uncertainty values, respectively, found
for the theoretical predictions of the various source pop-
ulations (see relevant papers, namely [18, 19, 21, 46]).
The second term in the �2 function of Eq. 2 takes into
account the uncertainties on the theoretical modeling,
disfavoring values of ↵i far from ↵̄i, with the weight �i.
For the choice of the free parameters of the fit, we can rea-
son as follows. The �-ray emission from MAGN strongly
depends on the correlation between the radio and � lu-
minosities [19], which induces an uncertainty of about
one order of magnitude in the estimated flux reaching
Earth. The uncertainty in the �-ray luminosity acts es-
sentially as a scaling factor of the flux, as clearly visible
in Fig. 7 of Reference [19]. The global shape of the �-ray
flux is driven by the power-law index � of the MAGN
population SED, for which it was adopted a Gaussian
distribution around the average value �̄=2.37 with 1-�
dispersion of 0.32, and integrated according to Eq. 1.
We have therefore chosen to translate the uncertainty on
this source population into a normalization factor with
respect to the average flux (i.e. the solid line in Fig. 7
of Reference [19]). For the blazar population, the lumi-
nosity function has been derived directly from the �-ray
catalogs. The uncertainty in the luminosity function in-
duces an uncertainty on the �-ray flux less than a factor
of 2. For the BL Lacs population, the uncertainty slightly
increases due to the energy cuto↵ assumed for the SED of
the HSP BL Lacs. As for the case of MAGN, the uncer-
tainty on the di↵use �-ray flux for both populations has
been translated into an overall renormalization with re-
spect to the average contribution declared in [18] for BL
Lacs and in [46] for FSRQs. In particular, for BL Lacs
we treat separately the LISP (LSP and ISP, see [18] for
details) and HSP populations, thus introducing two nor-

IGRB BL Lac FSRQ MAGN SF(MW) �2
IGRB

MODEL A 0.90 ± 0.05 1.03 ± 0.06 0.83 ± 0.07 1.18 ± 0.17 34.4

MODEL B 0.96 ± 0.05 1.02 ± 0.06 1.49 ± 0.09 1.22 ± 0.17 26.5

MODEL C 0.94 ± 0.05 1.01 ± 0.06 0.88 ± 0.07 1.07 ± 0.17 16.4

IGRB BL Lac FSRQ MAGN SF(PL) �2
IGRB

MODEL A 0.85 ± 0.05 1.04 ± 0.06 0.79 ± 0.08 0.94 ± 0.09 64.1

MODEL B 0.91 ± 0.05 1.04 ± 0.06 1.44 ± 0.09 0.98 ± 0.09 45.9

MODEL C 0.88 ± 0.05 1.02 ± 0.06 0.83 ± 0.07 0.95 ± 0.09 33.3

TABLE I: Best fit on the Fermi-LAT IGRB and 1-� values
for the BL Lacs, FSRQ, MAGN, SF (MW model for the first
three rows, PL model for the last ones) normalization factors,
reported with respect their relevant theoretical average values.
The last column reports the �2 value. model A, B and C
refer to the Fermi-LAT data obtained within three di↵erent
modelings of the Galactic foreground [5].

malization parameters in the fit to the IGRB. Finally, the
SF galaxies unresolved emission depends from an IR-� lu-
minosity correlation and the assumed SED shape (MW
or PL model). Also in this case, the variation of the IR-�
correlation gives an overall uncertainty band of about a
factor 4, which can again be described by a scaling factor
[21]. We take e↵ectively into account the possible uncer-
tainties brought by di↵erent SED parameterizations by
discussing separately the MW and PL models.

We end up with five free parameters (M = 5), cor-
responding to five e↵ective normalizations of the theo-
retical contributions to the IGRB, to be included in the
�2 procedure described in Eq. 2. The fit has been per-
formed on the IGRB data and for all the three di↵erent
modelings (A, B, C) of the Galactic foreground [5].

Our main results are summarized in Table I, where we
report the value of the best fit and 1-� errors for the
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EGB: Gamma-ray background,  
foreground subtracted



Extragalactic Gamma-ray Background
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Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).

5

����

����

����

���� ��� ��� ��� ���

�
�
��
�
��
�
��
	


�
��



�
��
��
��
�

����
��

��
����������������������������
��� 
��

�������!�"#��
�
�$�%&���'��
�

������
���	

�������
����	
���
�������������

���
����������
���
���������

FIG. 2: �-ray mission from resolved sources. The dotted green line and uncertainty band corresponds to the prediction for BL
Lacs, the double dotted-dashed gray line and band are for FSRQs, while their sum is depicted by the solid blue line and relevant
uncertainty band. The sources detected by the Fermi-LAT are represented by the orange band [5]. The upper blue (lower
black) data refer to the EGB (IGRB) Fermi-LAT data, and include the emission from the resolved and unresolved (unresolved
only) sources. Experimental results have been obtained for the 2FGL blazars within the Galactic foreground model A.

ergy bin Ej . The parameters ↵̄i and �i correspond to the
average and 1-� uncertainty values, respectively, found
for the theoretical predictions of the various source pop-
ulations (see relevant papers, namely [18, 19, 21, 46]).
The second term in the �2 function of Eq. 2 takes into
account the uncertainties on the theoretical modeling,
disfavoring values of ↵i far from ↵̄i, with the weight �i.
For the choice of the free parameters of the fit, we can rea-
son as follows. The �-ray emission from MAGN strongly
depends on the correlation between the radio and � lu-
minosities [19], which induces an uncertainty of about
one order of magnitude in the estimated flux reaching
Earth. The uncertainty in the �-ray luminosity acts es-
sentially as a scaling factor of the flux, as clearly visible
in Fig. 7 of Reference [19]. The global shape of the �-ray
flux is driven by the power-law index � of the MAGN
population SED, for which it was adopted a Gaussian
distribution around the average value �̄=2.37 with 1-�
dispersion of 0.32, and integrated according to Eq. 1.
We have therefore chosen to translate the uncertainty on
this source population into a normalization factor with
respect to the average flux (i.e. the solid line in Fig. 7
of Reference [19]). For the blazar population, the lumi-
nosity function has been derived directly from the �-ray
catalogs. The uncertainty in the luminosity function in-
duces an uncertainty on the �-ray flux less than a factor
of 2. For the BL Lacs population, the uncertainty slightly
increases due to the energy cuto↵ assumed for the SED of
the HSP BL Lacs. As for the case of MAGN, the uncer-
tainty on the di↵use �-ray flux for both populations has
been translated into an overall renormalization with re-
spect to the average contribution declared in [18] for BL
Lacs and in [46] for FSRQs. In particular, for BL Lacs
we treat separately the LISP (LSP and ISP, see [18] for
details) and HSP populations, thus introducing two nor-

IGRB BL Lac FSRQ MAGN SF(MW) �2
IGRB

MODEL A 0.90 ± 0.05 1.03 ± 0.06 0.83 ± 0.07 1.18 ± 0.17 34.4

MODEL B 0.96 ± 0.05 1.02 ± 0.06 1.49 ± 0.09 1.22 ± 0.17 26.5

MODEL C 0.94 ± 0.05 1.01 ± 0.06 0.88 ± 0.07 1.07 ± 0.17 16.4

IGRB BL Lac FSRQ MAGN SF(PL) �2
IGRB

MODEL A 0.85 ± 0.05 1.04 ± 0.06 0.79 ± 0.08 0.94 ± 0.09 64.1

MODEL B 0.91 ± 0.05 1.04 ± 0.06 1.44 ± 0.09 0.98 ± 0.09 45.9

MODEL C 0.88 ± 0.05 1.02 ± 0.06 0.83 ± 0.07 0.95 ± 0.09 33.3

TABLE I: Best fit on the Fermi-LAT IGRB and 1-� values
for the BL Lacs, FSRQ, MAGN, SF (MW model for the first
three rows, PL model for the last ones) normalization factors,
reported with respect their relevant theoretical average values.
The last column reports the �2 value. model A, B and C
refer to the Fermi-LAT data obtained within three di↵erent
modelings of the Galactic foreground [5].

malization parameters in the fit to the IGRB. Finally, the
SF galaxies unresolved emission depends from an IR-� lu-
minosity correlation and the assumed SED shape (MW
or PL model). Also in this case, the variation of the IR-�
correlation gives an overall uncertainty band of about a
factor 4, which can again be described by a scaling factor
[21]. We take e↵ectively into account the possible uncer-
tainties brought by di↵erent SED parameterizations by
discussing separately the MW and PL models.

We end up with five free parameters (M = 5), cor-
responding to five e↵ective normalizations of the theo-
retical contributions to the IGRB, to be included in the
�2 procedure described in Eq. 2. The fit has been per-
formed on the IGRB data and for all the three di↵erent
modelings (A, B, C) of the Galactic foreground [5].

Our main results are summarized in Table I, where we
report the value of the best fit and 1-� errors for the
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IGRB: Gamma-ray background,  
foreground and PS subtracted
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Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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FIG. 2: �-ray mission from resolved sources. The dotted green line and uncertainty band corresponds to the prediction for BL
Lacs, the double dotted-dashed gray line and band are for FSRQs, while their sum is depicted by the solid blue line and relevant
uncertainty band. The sources detected by the Fermi-LAT are represented by the orange band [5]. The upper blue (lower
black) data refer to the EGB (IGRB) Fermi-LAT data, and include the emission from the resolved and unresolved (unresolved
only) sources. Experimental results have been obtained for the 2FGL blazars within the Galactic foreground model A.

ergy bin Ej . The parameters ↵̄i and �i correspond to the
average and 1-� uncertainty values, respectively, found
for the theoretical predictions of the various source pop-
ulations (see relevant papers, namely [18, 19, 21, 46]).
The second term in the �2 function of Eq. 2 takes into
account the uncertainties on the theoretical modeling,
disfavoring values of ↵i far from ↵̄i, with the weight �i.
For the choice of the free parameters of the fit, we can rea-
son as follows. The �-ray emission from MAGN strongly
depends on the correlation between the radio and � lu-
minosities [19], which induces an uncertainty of about
one order of magnitude in the estimated flux reaching
Earth. The uncertainty in the �-ray luminosity acts es-
sentially as a scaling factor of the flux, as clearly visible
in Fig. 7 of Reference [19]. The global shape of the �-ray
flux is driven by the power-law index � of the MAGN
population SED, for which it was adopted a Gaussian
distribution around the average value �̄=2.37 with 1-�
dispersion of 0.32, and integrated according to Eq. 1.
We have therefore chosen to translate the uncertainty on
this source population into a normalization factor with
respect to the average flux (i.e. the solid line in Fig. 7
of Reference [19]). For the blazar population, the lumi-
nosity function has been derived directly from the �-ray
catalogs. The uncertainty in the luminosity function in-
duces an uncertainty on the �-ray flux less than a factor
of 2. For the BL Lacs population, the uncertainty slightly
increases due to the energy cuto↵ assumed for the SED of
the HSP BL Lacs. As for the case of MAGN, the uncer-
tainty on the di↵use �-ray flux for both populations has
been translated into an overall renormalization with re-
spect to the average contribution declared in [18] for BL
Lacs and in [46] for FSRQs. In particular, for BL Lacs
we treat separately the LISP (LSP and ISP, see [18] for
details) and HSP populations, thus introducing two nor-

IGRB BL Lac FSRQ MAGN SF(MW) �2
IGRB

MODEL A 0.90 ± 0.05 1.03 ± 0.06 0.83 ± 0.07 1.18 ± 0.17 34.4

MODEL B 0.96 ± 0.05 1.02 ± 0.06 1.49 ± 0.09 1.22 ± 0.17 26.5

MODEL C 0.94 ± 0.05 1.01 ± 0.06 0.88 ± 0.07 1.07 ± 0.17 16.4

IGRB BL Lac FSRQ MAGN SF(PL) �2
IGRB

MODEL A 0.85 ± 0.05 1.04 ± 0.06 0.79 ± 0.08 0.94 ± 0.09 64.1

MODEL B 0.91 ± 0.05 1.04 ± 0.06 1.44 ± 0.09 0.98 ± 0.09 45.9

MODEL C 0.88 ± 0.05 1.02 ± 0.06 0.83 ± 0.07 0.95 ± 0.09 33.3

TABLE I: Best fit on the Fermi-LAT IGRB and 1-� values
for the BL Lacs, FSRQ, MAGN, SF (MW model for the first
three rows, PL model for the last ones) normalization factors,
reported with respect their relevant theoretical average values.
The last column reports the �2 value. model A, B and C
refer to the Fermi-LAT data obtained within three di↵erent
modelings of the Galactic foreground [5].

malization parameters in the fit to the IGRB. Finally, the
SF galaxies unresolved emission depends from an IR-� lu-
minosity correlation and the assumed SED shape (MW
or PL model). Also in this case, the variation of the IR-�
correlation gives an overall uncertainty band of about a
factor 4, which can again be described by a scaling factor
[21]. We take e↵ectively into account the possible uncer-
tainties brought by di↵erent SED parameterizations by
discussing separately the MW and PL models.

We end up with five free parameters (M = 5), cor-
responding to five e↵ective normalizations of the theo-
retical contributions to the IGRB, to be included in the
�2 procedure described in Eq. 2. The fit has been per-
formed on the IGRB data and for all the three di↵erent
modelings (A, B, C) of the Galactic foreground [5].

Our main results are summarized in Table I, where we
report the value of the best fit and 1-� errors for the
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composition of IGRB
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Fig. 3.— Map of counts observed by the Fermi LAT above 100 MeV using a Mollweide projection

in Galactic coordinates with a pixel scale of ⇡ 0.9�. The color scale is logarithmic. Overlaid is the

mask used in this analysis to exclude regions from the template fitting procedure (see Appendix C

for details).
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FIG. 2: �-ray mission from resolved sources. The dotted green line and uncertainty band corresponds to the prediction for BL
Lacs, the double dotted-dashed gray line and band are for FSRQs, while their sum is depicted by the solid blue line and relevant
uncertainty band. The sources detected by the Fermi-LAT are represented by the orange band [5]. The upper blue (lower
black) data refer to the EGB (IGRB) Fermi-LAT data, and include the emission from the resolved and unresolved (unresolved
only) sources. Experimental results have been obtained for the 2FGL blazars within the Galactic foreground model A.

ergy bin Ej . The parameters ↵̄i and �i correspond to the
average and 1-� uncertainty values, respectively, found
for the theoretical predictions of the various source pop-
ulations (see relevant papers, namely [18, 19, 21, 46]).
The second term in the �2 function of Eq. 2 takes into
account the uncertainties on the theoretical modeling,
disfavoring values of ↵i far from ↵̄i, with the weight �i.
For the choice of the free parameters of the fit, we can rea-
son as follows. The �-ray emission from MAGN strongly
depends on the correlation between the radio and � lu-
minosities [19], which induces an uncertainty of about
one order of magnitude in the estimated flux reaching
Earth. The uncertainty in the �-ray luminosity acts es-
sentially as a scaling factor of the flux, as clearly visible
in Fig. 7 of Reference [19]. The global shape of the �-ray
flux is driven by the power-law index � of the MAGN
population SED, for which it was adopted a Gaussian
distribution around the average value �̄=2.37 with 1-�
dispersion of 0.32, and integrated according to Eq. 1.
We have therefore chosen to translate the uncertainty on
this source population into a normalization factor with
respect to the average flux (i.e. the solid line in Fig. 7
of Reference [19]). For the blazar population, the lumi-
nosity function has been derived directly from the �-ray
catalogs. The uncertainty in the luminosity function in-
duces an uncertainty on the �-ray flux less than a factor
of 2. For the BL Lacs population, the uncertainty slightly
increases due to the energy cuto↵ assumed for the SED of
the HSP BL Lacs. As for the case of MAGN, the uncer-
tainty on the di↵use �-ray flux for both populations has
been translated into an overall renormalization with re-
spect to the average contribution declared in [18] for BL
Lacs and in [46] for FSRQs. In particular, for BL Lacs
we treat separately the LISP (LSP and ISP, see [18] for
details) and HSP populations, thus introducing two nor-

IGRB BL Lac FSRQ MAGN SF(MW) �2
IGRB

MODEL A 0.90 ± 0.05 1.03 ± 0.06 0.83 ± 0.07 1.18 ± 0.17 34.4

MODEL B 0.96 ± 0.05 1.02 ± 0.06 1.49 ± 0.09 1.22 ± 0.17 26.5

MODEL C 0.94 ± 0.05 1.01 ± 0.06 0.88 ± 0.07 1.07 ± 0.17 16.4

IGRB BL Lac FSRQ MAGN SF(PL) �2
IGRB

MODEL A 0.85 ± 0.05 1.04 ± 0.06 0.79 ± 0.08 0.94 ± 0.09 64.1

MODEL B 0.91 ± 0.05 1.04 ± 0.06 1.44 ± 0.09 0.98 ± 0.09 45.9

MODEL C 0.88 ± 0.05 1.02 ± 0.06 0.83 ± 0.07 0.95 ± 0.09 33.3

TABLE I: Best fit on the Fermi-LAT IGRB and 1-� values
for the BL Lacs, FSRQ, MAGN, SF (MW model for the first
three rows, PL model for the last ones) normalization factors,
reported with respect their relevant theoretical average values.
The last column reports the �2 value. model A, B and C
refer to the Fermi-LAT data obtained within three di↵erent
modelings of the Galactic foreground [5].

malization parameters in the fit to the IGRB. Finally, the
SF galaxies unresolved emission depends from an IR-� lu-
minosity correlation and the assumed SED shape (MW
or PL model). Also in this case, the variation of the IR-�
correlation gives an overall uncertainty band of about a
factor 4, which can again be described by a scaling factor
[21]. We take e↵ectively into account the possible uncer-
tainties brought by di↵erent SED parameterizations by
discussing separately the MW and PL models.

We end up with five free parameters (M = 5), cor-
responding to five e↵ective normalizations of the theo-
retical contributions to the IGRB, to be included in the
�2 procedure described in Eq. 2. The fit has been per-
formed on the IGRB data and for all the three di↵erent
modelings (A, B, C) of the Galactic foreground [5].

Our main results are summarized in Table I, where we
report the value of the best fit and 1-� errors for the
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I Constrain contributions from diffuse emission (dark matter)
I Probe source populations (BL Lac, FSRQs, MAGN, SFG)
I Implication for other messengers (e.g., IceCube)



eNPTF details

|a| = a1 + · · ·+ ak

a+ b = (a1 + b1, . . . , ak + bk)

ab = ab11 · . . . · abkk
a! =

|a|!
a1! · . . . · ak!

.

I The counts originate from different templates, so if
βp,l = (np,l,1, . . . , np,l,k) is the distribution of counts in the
l-th template, than

∑
l

βp,l = αp holds.

I For a single template l and k different bins, the probability
to see βp,l counts in pixel p :

p
(p)
βp,l

(~θ) = p
(p)
|βp,l|(

~θ)βp,l!λl(~θ)
βp,l .



eNPTF details

I Here, each λl,m(~θ) in λl(~θ) = (λl,1(~θ), . . . , λl,k(~θ))
corresponds to the probability that a count in template l
contributes to the m-th bin,

I Sum over all permutations to get probabilities

p(p)αp
(~θ) =

∑
∑

l βp,l=αp

∏
l

p
(p)
βp,l

(~θ).



DM annihilation with group catalogs

I 1. DM model + group catalog→ gamma-ray flux map

Model / EFT

Fermi Energy Range

Group catalogs Flux map

dispersion σp in clean cases, and the associated
luminosities. Scaling laws were established that
permit the inference of halo properties − mass,
velocity dispersion, and radius - from observed
luminosities. Section 3 provided a description of
adjustments that have to be made to luminosities
to account for lost contributions as a function of
distance.

The conceptual outline of the group-finding al-
gorithm is as follows. (1) Start with the intrinsi-
cally most luminous galaxy in the sample after ad-
justment with the correction factor. (2) Assume
a group mass-to-light ratio appropriate for that
intrinsic luminosity using Eq. 7 and calculate the
halo expectation parameters R2t (Eq. 5) and σp

(Eq. 6). (3) Cycle through the sample to search
for galaxies that lie within the R2t radius of the
primary system and within 2σp of its velocity. (4)
After this first cycle, sum the luminosities of as-
sociated galaxies and determine their luminosity
weighted projected centroid and unweighted veloc-
ity mean. (5) Calculate the halo expectation pa-
rameters R2t and σp for this enlarged entity. Re-
peat cycles until there are no new links. (6) Go to
the next intrinsically most luminous galaxy among
the unlinked cases and repeat procedures (2)−(5).
(7) Continue to successively fainter galaxies until
there are no more galaxies to consider.

After the initial construction of tentative
groups, it is found that there can be occasional
overlaps between close neighbors. Hence another
cycle is initiated. (8) Beginning with the most
populated candidate group, cycle through the
other groups looking for overlaps in both R2t pro-
jected dimensions and velocity dispersions (the
larger of the quadrature addition of the 2σp val-
ues and the 3σp value of the larger entity). (9)
Recalculate halo properties for any enlarged can-
didate group and recycle. Repeat until no new
additions. (10) Consider next most populous can-
didate group and successively smaller candidates
until the entire catalog has been explored. The
final affiliations of galaxies will be called ”nests”.

An illustration of groups found in a particular
region is given in Figure 4. The Perseus-Pisces
filament that is shown is the densest region of ma-
jor filaments in the volume that has been explored.
Histograms of the velocities of candidate members
in the four largest nests are seen in Figure 5.

Among details, one is a cutoff in the galaxies

Fig. 4.— The Perseus-Pisces filament. Major
components are given distinct colors. Dotted cir-
cles indicate R2t, second turnaround radii for the
major halos. Points in black identify all other
2MRS K < 11.75 galaxies with 3500 < V < 6500
km s−1.
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ity mean. (5) Calculate the halo expectation pa-
rameters R2t and σp for this enlarged entity. Re-
peat cycles until there are no new links. (6) Go to
the next intrinsically most luminous galaxy among
the unlinked cases and repeat procedures (2)−(5).
(7) Continue to successively fainter galaxies until
there are no more galaxies to consider.

After the initial construction of tentative
groups, it is found that there can be occasional
overlaps between close neighbors. Hence another
cycle is initiated. (8) Beginning with the most
populated candidate group, cycle through the
other groups looking for overlaps in both R2t pro-
jected dimensions and velocity dispersions (the
larger of the quadrature addition of the 2σp val-
ues and the 3σp value of the larger entity). (9)
Recalculate halo properties for any enlarged can-
didate group and recycle. Repeat until no new
additions. (10) Consider next most populous can-
didate group and successively smaller candidates
until the entire catalog has been explored. The
final affiliations of galaxies will be called ”nests”.

An illustration of groups found in a particular
region is given in Figure 4. The Perseus-Pisces
filament that is shown is the densest region of ma-
jor filaments in the volume that has been explored.
Histograms of the velocities of candidate members
in the four largest nests are seen in Figure 5.

Among details, one is a cutoff in the galaxies
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cles indicate R2t, second turnaround radii for the
major halos. Points in black identify all other
2MRS K < 11.75 galaxies with 3500 < V < 6500
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DarkSky N -body simulation vs real data

1018 1019

Jtrue [GeV2 cm�5]

1017

1018

1019

J
in

f
[G

eV
2

cm
�

5
]

DarkSky extragalactic halos

extragalactic halos

dwarf galaxies

Virgo Cluster

Coma Cluster

Rogelio Bernal Andreo



Real Data limit consistent with DarkSky
I Remove handful of halos with large cosmic-ray emission

(TS > 5, σAv > 10× best indiv. limit)
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