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Origin of the Extragalactic γ-ray Background 
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Origin is an open question. Possible contributions:
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Goals and Motivations

Derive the energy spectrum of point sources (PS) in the Fermi EGRB in 
a data-driven way from 2 GeV up to 2 TeV using photon statistics.

3

Unveil the properties of 
astrophysical PS

Elucidate the possible 
dark matter contribution

Understand the origin of 
IceCube’s PeV neutrinos

Directly measure the 
luminosity function of 

unresolved PS

Understanding PS 
contribution constrains 

possible DM interpretations

Same sources may 
contribute to Fermi’s 

unresolved EGRB and 
IceCube neutrinos flux

Some motivations:
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Predict number of PS 
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Point Sources and Photon Statistics
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Mollweide view

0 10

Mollweide view

0 10

Mollweide view

0 10

Mollweide view

0 10

Smooth

0 2 4 6 8 10
Counts

100

101

102

103

104

105

106

P
ix

el
s

0 2 4 6 8 10
Counts

100

101

102

103

104

105

106

P
ix

el
s

0 2 4 6 8 10
Counts

100

101

102

103

104

105

106

P
ix

el
s

Brighter sources

More sources

PS maps tend to have more bright and dim pixels compared to truly diffuse/
poissonian emission (i.e. their flux distribution is non-poissonian)
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Point Sources and Photon Statistics
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Malyshev and Hogg [1104.0010] 
Lee et al [1412.6099, 1506.05124] 
Zechlin et al [1512.07190, 1605.04256] 
      

Exploit this property to resolve PSs as a population: 
Non-Poissonian Template Fitting (NPTF)

PS maps tend to have more bright and dim pixels compared to truly diffuse/
poissonian emission (i.e. their flux distribution is non-poissonian)

5
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The Templates

The models: templates

0 40 0 1

Fermi p6 diffuse (1) Fermi bubbles (1)

0 1.5 0 1.5

Isotropic (1) NFW (1)
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Isotropic PS (4) NFW PS (4)

The models: templates

0 40 0 1

Fermi p6 diffuse (1) Fermi bubbles (1)

0 1.5 0 1.5

Isotropic (1) NFW (1)

0 1.5 0 1.5

Isotropic PS (4) NFW PS (4)

A template is a spatial map modeling a distinct contribution to the data. 
Templates used in the analysis:

Assumes poissonian 
flux distribution

Assumes non-poissonian 
flux distribution

Fermi p8 diffuse Fermi bubbles

Isotropic Isotropic PS
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The Source Count Function

We use Bayesian methods to find the posterior distributions

Used to model underlying flux distribution of sources. Gives number of 
sources in a given pixel with a flux between F and F+dF.

Flux
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Simulations: Astrophysical PS

II. BlazarsI. Star-forming
 galaxies

Numerous and dim Fewer and brighter

Blazar theory from Ajello et al [1501.05301] 
SFG theory from Tamborra et al [1404.1189]

+ +
We consider two 
representative 

source classes: +Subclass of AGN 
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Simulations allow us to: 
1. Validate our analysis procedure 
2. Understand behavior of astrophysical PS under our method

12 - 30 GeV
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Simulation: Blazars
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FIG. 1: The source-count distribution of the isotropic-PS population obtained by running the NPTF on simulated data in
which the EGB arises from the Blazar–1 model [23]. Results are presented for the four energy bins considered. The source-
count distribution of the input blazar model (dashed red) matches the posterior for the isotropic PSs (68 and 95% confidence
intervals, constructed pointwise, shaded in red) well at fluxes corresponding to counts above ⇠1 photon (vertical, dot-dashed
black). The vertical dotted green lines indicate the fluxes at which 90%, 50%, and 10% of the flux is accounted for, on average,
by sources with larger flux (from left to right, respectively). The red points show the histogram of the simulated PSs, with
68% Poisson error bars (vertical).

indeed, the smooth isotropic flux (blue) is sub-dominant
in each energy bin. Overlaid in dashed red is the spec-
trum for the simulated Blazar–1 sources. The sum of
the smooth and PS isotropic components—which is sim-
ply the EGB intensity—is consistent with the simulated
spectrum for the blazar model. The green curve shows
the median of the posterior for the galactic di↵use model
spectrum. The energy spectrum of the di↵use model is
softer than that for blazars, so that the di↵use model

dominates more at low energies than at high. The sum
of the components (yellow band) is consistent with the
total flux in the simulated data (black line) at 68% con-
fidence.

As a contrasting example, we also simulate the Blazar–
2 model, which predicts more low-flux sources than the
previous example we considered. The best-fit source-
count distributions for the Blazar–2 simulated maps are
shown in Fig. 3. Once again, we see good agreement

• Simulate blazars from theory 

• Find that we can recover the 

source count function down to 
the single photon threshold

46
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FIG. S19: Best-fit source-count distribution using the Pass 8 ultracleanveto PSF3 data set and p8r2 foreground model, but
with the prior for the lowest slope restricted to n

4

2 [1, 2]. The median source-count distribution for the benchmark analysis
is shown in blue. (Formatted as in Fig. 5.)
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FIG. 1: The source-count distribution of the isotropic-PS population obtained by running the NPTF on simulated data in
which the EGB arises from the Blazar–1 model [23]. Results are presented for the four energy bins considered. The source-
count distribution of the input blazar model (dashed red) matches the posterior for the isotropic PSs (68 and 95% confidence
intervals, constructed pointwise, shaded in red) well at fluxes corresponding to counts above ⇠1 photon (vertical, dot-dashed
black). The vertical dotted green lines indicate the fluxes at which 90%, 50%, and 10% of the flux is accounted for, on average,
by sources with larger flux (from left to right, respectively). The red points show the histogram of the simulated PSs, with
68% Poisson error bars (vertical).

indeed, the smooth isotropic flux (blue) is sub-dominant
in each energy bin. Overlaid in dashed red is the spec-
trum for the simulated Blazar–1 sources. The sum of
the smooth and PS isotropic components—which is sim-
ply the EGB intensity—is consistent with the simulated
spectrum for the blazar model. The green curve shows
the median of the posterior for the galactic di↵use model
spectrum. The energy spectrum of the di↵use model is
softer than that for blazars, so that the di↵use model

dominates more at low energies than at high. The sum
of the components (yellow band) is consistent with the
total flux in the simulated data (black line) at 68% con-
fidence.

As a contrasting example, we also simulate the Blazar–
2 model, which predicts more low-flux sources than the
previous example we considered. The best-fit source-
count distributions for the Blazar–2 simulated maps are
shown in Fig. 3. Once again, we see good agreement
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FIG. 1: The source-count distribution of the isotropic-PS population obtained by running the NPTF on simulated data in
which the EGB arises from the Blazar–1 model [23]. Results are presented for the four energy bins considered. The source-
count distribution of the input blazar model (dashed red) matches the posterior for the isotropic PSs (68 and 95% confidence
intervals, constructed pointwise, shaded in red) well at fluxes corresponding to counts above ⇠1 photon (vertical, dot-dashed
black). The vertical dotted green lines indicate the fluxes at which 90%, 50%, and 10% of the flux is accounted for, on average,
by sources with larger flux (from left to right, respectively). The red points show the histogram of the simulated PSs, with
68% Poisson error bars (vertical).

indeed, the smooth isotropic flux (blue) is sub-dominant
in each energy bin. Overlaid in dashed red is the spec-
trum for the simulated Blazar–1 sources. The sum of
the smooth and PS isotropic components—which is sim-
ply the EGB intensity—is consistent with the simulated
spectrum for the blazar model. The green curve shows
the median of the posterior for the galactic di↵use model
spectrum. The energy spectrum of the di↵use model is
softer than that for blazars, so that the di↵use model

dominates more at low energies than at high. The sum
of the components (yellow band) is consistent with the
total flux in the simulated data (black line) at 68% con-
fidence.

As a contrasting example, we also simulate the Blazar–
2 model, which predicts more low-flux sources than the
previous example we considered. The best-fit source-
count distributions for the Blazar–2 simulated maps are
shown in Fig. 3. Once again, we see good agreement
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Simulation: Blazars
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FIG. 1: The source-count distribution of the isotropic-PS population obtained by running the NPTF on simulated data in
which the EGB arises from the Blazar–1 model [23]. Results are presented for the four energy bins considered. The source-
count distribution of the input blazar model (dashed red) matches the posterior for the isotropic PSs (68 and 95% confidence
intervals, constructed pointwise, shaded in red) well at fluxes corresponding to counts above ⇠1 photon (vertical, dot-dashed
black). The vertical dotted green lines indicate the fluxes at which 90%, 50%, and 10% of the flux is accounted for, on average,
by sources with larger flux (from left to right, respectively). The red points show the histogram of the simulated PSs, with
68% Poisson error bars (vertical).

indeed, the smooth isotropic flux (blue) is sub-dominant
in each energy bin. Overlaid in dashed red is the spec-
trum for the simulated Blazar–1 sources. The sum of
the smooth and PS isotropic components—which is sim-
ply the EGB intensity—is consistent with the simulated
spectrum for the blazar model. The green curve shows
the median of the posterior for the galactic di↵use model
spectrum. The energy spectrum of the di↵use model is
softer than that for blazars, so that the di↵use model

dominates more at low energies than at high. The sum
of the components (yellow band) is consistent with the
total flux in the simulated data (black line) at 68% con-
fidence.

As a contrasting example, we also simulate the Blazar–
2 model, which predicts more low-flux sources than the
previous example we considered. The best-fit source-
count distributions for the Blazar–2 simulated maps are
shown in Fig. 3. Once again, we see good agreement

Repeat over 
different energy bins 
to obtain an energy 

spectrum of PS
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Simulation: Energy Spectrum
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Blazar simulation

SFG simulation

FIG. 2: The energy spectra for the isotropic and isotropic-PS templates in each energy bin considered; the 68 and 95% confidence
intervals, constructed from the posterior distributions, are shown in blue and red, respectively. The top row represents the
results for simulated data, with ultracleanveto PSF3 instrument response function, in which the EGB consists of only Blazar–1
sources [23] (top left) or Blazar–2 sources [20, 21] (top right). The bottom row shows the same results, except when SFGs [33]
are also included in the simulation. The simulated spectrum for blazars (SFGs) is shown in dashed red (blue). For the Blazar–1
model, the isotropic-PS template absorbs almost the entirety of the flux. For the Blazar–2 model, both smooth and PS isotropic
components absorb flux, but their sum (EGB, purple band) is consistent with the input. When SFGs are also included, more
emission is absorbed by the smooth isotropic template; however, the total emission absorbed by the smooth and PS isotropic
templates is consistent with the expected total of SFG and blazar intensities. The spectrum for Galactic di↵use emission is
shown by the green line in each panel (median only). The sum of all template emission (yellow band) agrees with the total
spectrum of the simulated data. Note that the energy spectrum of the bubbles template is not shown.

between the input data and the recovered source-count
distribution above the single-photon sensitivity thresh-
old. In this case, however, the reference model predicts
a larger fraction of flux coming from sources below this
threshold. For example, about 50% of the flux comes

from sub-single photon sources in the second energy bin,
and this fraction only increases further at higher ener-
gies. The corresponding energy spectrum is shown in
the top right panel of Fig. 2. As expected, an increasing
amount of flux is absorbed by the Poissonian isotropic
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Simulation: Energy Spectrum
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FIG. 2: The energy spectra for the isotropic and isotropic-PS templates in each energy bin considered; the 68 and 95% confidence
intervals, constructed from the posterior distributions, are shown in blue and red, respectively. The top row represents the
results for simulated data, with ultracleanveto PSF3 instrument response function, in which the EGB consists of only Blazar–1
sources [23] (top left) or Blazar–2 sources [20, 21] (top right). The bottom row shows the same results, except when SFGs [33]
are also included in the simulation. The simulated spectrum for blazars (SFGs) is shown in dashed red (blue). For the Blazar–1
model, the isotropic-PS template absorbs almost the entirety of the flux. For the Blazar–2 model, both smooth and PS isotropic
components absorb flux, but their sum (EGB, purple band) is consistent with the input. When SFGs are also included, more
emission is absorbed by the smooth isotropic template; however, the total emission absorbed by the smooth and PS isotropic
templates is consistent with the expected total of SFG and blazar intensities. The spectrum for Galactic di↵use emission is
shown by the green line in each panel (median only). The sum of all template emission (yellow band) agrees with the total
spectrum of the simulated data. Note that the energy spectrum of the bubbles template is not shown.

between the input data and the recovered source-count
distribution above the single-photon sensitivity thresh-
old. In this case, however, the reference model predicts
a larger fraction of flux coming from sources below this
threshold. For example, about 50% of the flux comes

from sub-single photon sources in the second energy bin,
and this fraction only increases further at higher ener-
gies. The corresponding energy spectrum is shown in
the top right panel of Fig. 2. As expected, an increasing
amount of flux is absorbed by the Poissonian isotropic

Simulate Blazars+SFGs
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FIG. 2: The energy spectra for the isotropic and isotropic-PS templates in each energy bin considered; the 68 and 95% confidence
intervals, constructed from the posterior distributions, are shown in blue and red, respectively. The top row represents the
results for simulated data, with ultracleanveto PSF3 instrument response function, in which the EGB consists of only Blazar–1
sources [23] (top left) or Blazar–2 sources [20, 21] (top right). The bottom row shows the same results, except when SFGs [33]
are also included in the simulation. The simulated spectrum for blazars (SFGs) is shown in dashed red (blue). For the Blazar–1
model, the isotropic-PS template absorbs almost the entirety of the flux. For the Blazar–2 model, both smooth and PS isotropic
components absorb flux, but their sum (EGB, purple band) is consistent with the input. When SFGs are also included, more
emission is absorbed by the smooth isotropic template; however, the total emission absorbed by the smooth and PS isotropic
templates is consistent with the expected total of SFG and blazar intensities. The spectrum for Galactic di↵use emission is
shown by the green line in each panel (median only). The sum of all template emission (yellow band) agrees with the total
spectrum of the simulated data. Note that the energy spectrum of the bubbles template is not shown.
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amount of flux is absorbed by the Poissonian isotropic
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FIG. 2: The energy spectra for the isotropic and isotropic-PS templates in each energy bin considered; the 68 and 95% confidence
intervals, constructed from the posterior distributions, are shown in blue and red, respectively. The top row represents the
results for simulated data, with ultracleanveto PSF3 instrument response function, in which the EGB consists of only Blazar–1
sources [23] (top left) or Blazar–2 sources [20, 21] (top right). The bottom row shows the same results, except when SFGs [33]
are also included in the simulation. The simulated spectrum for blazars (SFGs) is shown in dashed red (blue). For the Blazar–1
model, the isotropic-PS template absorbs almost the entirety of the flux. For the Blazar–2 model, both smooth and PS isotropic
components absorb flux, but their sum (EGB, purple band) is consistent with the input. When SFGs are also included, more
emission is absorbed by the smooth isotropic template; however, the total emission absorbed by the smooth and PS isotropic
templates is consistent with the expected total of SFG and blazar intensities. The spectrum for Galactic di↵use emission is
shown by the green line in each panel (median only). The sum of all template emission (yellow band) agrees with the total
spectrum of the simulated data. Note that the energy spectrum of the bubbles template is not shown.
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a larger fraction of flux coming from sources below this
threshold. For example, about 50% of the flux comes

from sub-single photon sources in the second energy bin,
and this fraction only increases further at higher ener-
gies. The corresponding energy spectrum is shown in
the top right panel of Fig. 2. As expected, an increasing
amount of flux is absorbed by the Poissonian isotropic
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Analysis on Data: Source Counts
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FIG. 5: The best-fit source-count distribution, as a function of energy, for the isotropic-PS population obtained by the NPTF
analysis of Pass 8 ultracleanveto PSF3 data with the p8r2 foreground model. The median (red line) and 68 and 95% confidence
intervals (shaded red bands) are shown. The vertical dot-dashed black line denotes the ⇠1 photon boundary, below which the
NPTF begins to lose sensitivity. The vertical dotted red lines indicate the fluxes at which 90%, 50%, and 10% of the flux is
accounted for, on average, by sources of larger flux (from left to right, respectively). The black points correspond to the Fermi

3FGL sources, with 68% statistical error bars (vertical).

certainties, between analyses. At the lowest energy, the
break at Fb,2 ⇠ 10�10 photons cm�2 s�1 is even more
pronounced, with an index n

2

⇠ 2.10 above the break
and n

3

⇠ 1.75 below the break. In the highest energy
bin, the structure observed in the source-count distribu-

tion for the benchmark analysis has smoothed out.

Can recover resolved 
sources

Can measure unresolved sources 
down to single photon
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Analysis on Data: Source Counts
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FIG. 5: The best-fit source-count distribution, as a function of energy, for the isotropic-PS population obtained by the NPTF
analysis of Pass 8 ultracleanveto PSF3 data with the p8r2 foreground model. The median (red line) and 68 and 95% confidence
intervals (shaded red bands) are shown. The vertical dot-dashed black line denotes the ⇠1 photon boundary, below which the
NPTF begins to lose sensitivity. The vertical dotted red lines indicate the fluxes at which 90%, 50%, and 10% of the flux is
accounted for, on average, by sources of larger flux (from left to right, respectively). The black points correspond to the Fermi

3FGL sources, with 68% statistical error bars (vertical).
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pronounced, with an index n
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⇠ 1.75 below the break. In the highest energy
bin, the structure observed in the source-count distribu-
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Analysis on Data: Energy Spectrum
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FIG. 11: Global fit to the PS intensity spectrum recovered
by the NPTF. The results of the NPTF low-energy analysis
on ultracleanveto PSF1–3 data and the high-energy analysis
on ultracleeanveto PSF0–3 data are shown (filled red circles
and open red boxes, respectively). The red band indicates
the best-fit (68% confidence interval) to a power law with
exponential cuto↵. For comparison, the best-fit Fermi EGB
spectra from [7] are shown for three di↵erent di↵use back-
ground models (Model A–C). The blue band indicates the
estimated IGRB spectrum, obtained by subtracting the PS
spectrum from the Fermi EGB; the spread includes the statis-
tical uncertainty from the PS intensity as well as the system-
atic uncertainty on the EGB. We also plot the best-fit smooth
isotropic spectrum recovered by the NPTF (filled blue circles
and open blue boxes). The results are in good agreement with
the estimated IGRB result (blue band) below ⇠100 GeV, but
overestimate the result at higher energies due to cosmic-ray
contamination.

rameters.18 Note that the fit is done taking into account
the uncertainties on the PS intensities in the energy sub-
bins. The global fit for the PS spectrum is shown in
Fig. 11 by the red band, which denotes the 68% confi-
dence interval. Interestingly, the index � and cut-o↵ E

cut

that we extract from the fit are very similar to the values
found in [7], which used the same functional form to fit
the EGB spectrum. Subtracting our PS spectrum from
the EGB spectral fits gives the blue band in Fig. 11. The

18

Repeating the fit using the results from the NPTF analyses

with source data returns similar results, though the PS spec-

trum is slightly enhanced relative to the ultracleanveto result.

In particular, with source data, we find C = 7.98+1.58
�1.40 ⇥ 10

�5

GeV

�1

cm

�2

s

�1

sr

�1

, � = 2.29+0.04
�0.05, and E

cut

= 325

+117

�78.1 GeV,

with �2

= 0.93.

band includes statistical uncertainties from our global fit
as well as systematic uncertainties associated with vary-
ing between Models A-C. The blue band is an estimate
of the IGRB spectrum and we compare it to the smooth
isotropic spectrum recovered by the NPTF (blue points).
Note that the two are consistent, within the large uncer-
tainties, below ⇠100 GeV; above this energy, our IGRB
value is expectedly high.

The NPTF allows us to make statistical statements
about the properties of source populations contributing
to the EGB, but at the expense of identifying the precise
locations of these sources. However, it is still possible
to make probabilistic statements about these locations.
To do so, we compare the observed photon count in a
given pixel, np, to the mean expected value, µp, with-
out accounting for PSs. To determine µp we include
the di↵use background, smooth isotropic emission, and
the Fermi bubbles templates, with normalizations as de-
termined from the NPTF. The pixel-dependent survival
function is defined as

✏p ⌘ 1 � CDF [µp, np] , (6)

where CDF is the Poisson cumulative distribution func-
tion. The smaller the value of ✏p (or, conversely, the
larger the value of � log ✏p), the more probable it is
that the pixel contains a PS. Figure 12 shows full-sky
maps of � log ✏p for both low (1.89–94.9 GeV) and high
(50–2000 GeV) energies.19 The white circles indicate
the presence of a 3FGL (2FHL) source for the low-
(high-)energy map, with the radii proportional to the pre-
dicted photon counts for the sources. There is good cor-
respondence between the hottest pixels, as determined by
� log ✏p, and the brightest resolved sources. Pixels that
are correspondingly less “hot” tend to be associated with
less-bright 3FGL (or 2FHL) sources. Of particular inter-
est are the hot pixels not already identified by the pub-
lished catalogs. In the region |b| & 30� (|b| & 10�) in the
low- (high-)energy analysis, these are likely the sources
lending the most weight to the NPTF below the catalog
sensitivity thresholds. While more sophisticated algo-
rithms are needed to further refine the candidate source
locations, Fig. 12 provides a starting point for identify-
ing the spatial locations of potential new sources to help
guide, for example, future TeV gamma-ray observations
and cross-correlations with other data sets, such as the
IceCube ultra-high-energy neutrinos.

Deciphering the constituents of the EGB remains an
important goal in the study of high-energy gamma-ray
astrophysics, with broad implications extending from the
production of PeV neutrinos to signals of dark-matter an-
nihilation or decay. The Fermi LAT has already played
an important role in the discovery of many new sources
in the GeV sky. By taking advantage of the statistical
properties of unresolved populations, our results provide

19

Digital versions of these maps are available upon request.

PS dominate the 
measured EGRB
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FIG. 7: Comparison of the EGB (black circles), IGRB (blue squares), and PS (red stars) intensities recovered by the NPTF for
the various systematic tests described in Sec. IVB. Note that ‘UCV’ is shorthand for ultracleanveto. The gray band is meant
to indicate the systematic uncertainty associated with the measured Fermi EGB [7] (see text for more details).

emission o↵ the interstellar radiation field. Our bench-
mark analysis uses the associated foreground model for
the Pass 8 data set (gll iem v06.fits), denoted here as
p8r2. The total di↵use emission in p8r2 is modeled as

a linear combination of several sources, some of which
are traced by maps of gas column densities, which serve
as templates for the pion and bremsstrahlung emission.

Systematic checks: vary 
• Fermi data classes 

• Region of interest 

• Diffuse background 

• Modeling of Fermi point 
spread function 

• Priors on parameters
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FIG. 7: Comparison of the EGB (black circles), IGRB (blue squares), and PS (red stars) intensities recovered by the NPTF for
the various systematic tests described in Sec. IVB. Note that ‘UCV’ is shorthand for ultracleanveto. The gray band is meant
to indicate the systematic uncertainty associated with the measured Fermi EGB [7] (see text for more details).

emission o↵ the interstellar radiation field. Our bench-
mark analysis uses the associated foreground model for
the Pass 8 data set (gll iem v06.fits), denoted here as
p8r2. The total di↵use emission in p8r2 is modeled as

a linear combination of several sources, some of which
are traced by maps of gas column densities, which serve
as templates for the pion and bremsstrahlung emission.

Systematic checks: vary 
• Fermi data classes 

• Region of interest 

• Diffuse background 

• Modeling of Fermi point 
spread function 

• Priors on parameters

Find that spectrum of 
PS is robust to checks
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Use analysis at higher energies to 
predict PS discovery potential of 

upcoming ground-based telescopes 

 Expect CTA to discover ~5.51 new 
sources over 250 hours of operation 

(twice that previously estimated) 
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Ackermann et. al. 15

2FHL PS

Figure 10. (left) Best-fit source-count distribution in the wide-energy bin from 50–2000 GeV using all quartiles of Pass 8 ultra-

cleanveto data. The black points indicate the 2FHL sources, and the blue line denotes the best-fit source-count from Ackermann
et al. (2016b) that corresponds to the same energy bin. (right) A comparison of the cumulative source-count distribution for
the same analysis.

to simulated populations, we have shown that the anal-
ysis procedure reproduces the properties of input source
classes. Therefore, the features of the best-fit source-
count distributions obtained from the data provide a
potential wealth of information about the source popu-
lations of the EGB. While a detailed interpretation of
the source-count distributions in terms of particular the-
oretical models is beyond the scope of this paper, several
important trends were observed.

In this work, the source-count distributions are
parametrized as triply-broken power laws in the NPTF.
At all energies, a break is fit at low (high) fluxes, below
(above) which the analysis method loses sensitivity. Of
particular interest is whether an additional break, Fb,2,
is preferred at intermediate flux. [LN: Changing this] We
find a break in the lowest energy bin (1.89–4.75 GeV) at
1.22+2.00

�0.56 ⇥ 10�10 cm�2 s�1 with slope 2.04+0.05
�0.05 above

and 1.74+0.19
�0.37 below. In the subsequent two energy bins,

4.75–11.9 GeV and 11.9–30.0 GeV, there is a mild indi-
cation that the source-count distribution hardens below
the intermediate flux break, though the change in slope
is not as robust and significant as in the lowest energy
bin. At higher energies, above ⇠30 GeV, there is no indi-
cation that the source-count distribution changes slope
at the intermediate break. This trend is in line with
the expectations from the blazar simulations in Sec. 3.
For example, in both Figs. 1 and 3 (see also Fig. S2),
which show the results of the NPTF run on simulated
data with the Blazar–1 and Blazar–2 models, we find
evidence for curvature in the source-count distribution
at intermediate fluxes in the lowest energy bins, while at
higher energies the recovered source-count distribution

appears as a single power law at fluxes above the sen-
sitivity threshold of the NPTF. In the energy bin from
50–2000 GeV the best-fit value for Fb,2 is essentially un-
constrained and the slopes above and below it are con-
sistent within uncertainties: 2.28+0.28

�0.22 and 2.17+0.12
�0.09.

The NPTF also provides the best-fit intensities for the
isotropic-PS populations as a function of energy. Fig-
ure 11 illustrates this spectrum for analyses done us-
ing the ultracleanveto event class. The filled red circles
(open red boxes) show the results for the dedicated low
(high)-energy analysis, with PSF1–3 data used at low
energies and PSF0–3 data at high energies. For com-
parison, the Fermi EGB spectrum is shown by the black
line (Ackermann et al. 2015b). This corresponds to the
best-fit intensity using the Model A di↵use background
from that study. To illustrate the systematic uncertainty
on this curve, we also plot the spectra for di↵use models
B and C (dashed and dotted, respectively).

The PS fraction, defined as I
PS

/I
EGB

, is provided in
Tab. 4 for each energy bin. While using the EGB in-
tensity derived in this work (‘Scenario A’) is the most
self-consistent comparison, this may underestimate the
PS contribution above ⇠100 GeV, where the NPTF ap-
pears to recover too much smooth isotropic emission due
to increased cosmic-ray contamination in the data sets
used, as already discussed. Therefore, we also show the
PS fractions calculated relative to the Fermi EGB inten-
sity from Ackermann et al. (2015b) for di↵use model A
(‘Scenario B’). The comparison to the EGB as measured
in Ackermann et al. (2015b) is not fully self consistent,
since, for example, the foreground modeling and data
sets in Ackermann et al. (2015b) di↵er from those used

21

NPTF

Figure 10. (left) Best-fit source-count distribution in the wide-energy bin from 50–2000 GeV using all quartiles of Pass 8 ultra-

cleanveto data. The black points indicate the 2FHL sources, and the blue line denotes the best-fit source-count from Ackermann
et al. (2016b) that corresponds to the same energy bin. (right) A comparison of the cumulative source-count distribution for
the same analysis.

to simulated populations, we have shown that the anal-
ysis procedure reproduces the properties of input source
classes. Therefore, the features of the best-fit source-
count distributions obtained from the data provide a
potential wealth of information about the source popu-
lations of the EGB. While a detailed interpretation of
the source-count distributions in terms of particular the-
oretical models is beyond the scope of this paper, several
important trends were observed.

In this work, the source-count distributions are
parametrized as triply-broken power laws in the NPTF.
At all energies, a break is fit at low (high) fluxes, below
(above) which the analysis method loses sensitivity. Of
particular interest is whether an additional break, Fb,2,
is preferred at intermediate flux. [LN: Changing this] We
find a break in the lowest energy bin (1.89–4.75 GeV) at
1.22+2.00

�0.56 ⇥ 10�10 cm�2 s�1 with slope 2.04+0.05
�0.05 above

and 1.74+0.19
�0.37 below. In the subsequent two energy bins,

4.75–11.9 GeV and 11.9–30.0 GeV, there is a mild indi-
cation that the source-count distribution hardens below
the intermediate flux break, though the change in slope
is not as robust and significant as in the lowest energy
bin. At higher energies, above ⇠30 GeV, there is no indi-
cation that the source-count distribution changes slope
at the intermediate break. This trend is in line with
the expectations from the blazar simulations in Sec. 3.
For example, in both Figs. 1 and 3 (see also Fig. S2),
which show the results of the NPTF run on simulated
data with the Blazar–1 and Blazar–2 models, we find
evidence for curvature in the source-count distribution
at intermediate fluxes in the lowest energy bins, while at
higher energies the recovered source-count distribution

appears as a single power law at fluxes above the sen-
sitivity threshold of the NPTF. In the energy bin from
50–2000 GeV the best-fit value for Fb,2 is essentially un-
constrained and the slopes above and below it are con-
sistent within uncertainties: 2.28+0.28

�0.22 and 2.17+0.12
�0.09.

The NPTF also provides the best-fit intensities for the
isotropic-PS populations as a function of energy. Fig-
ure 11 illustrates this spectrum for analyses done us-
ing the ultracleanveto event class. The filled red circles
(open red boxes) show the results for the dedicated low
(high)-energy analysis, with PSF1–3 data used at low
energies and PSF0–3 data at high energies. For com-
parison, the Fermi EGB spectrum is shown by the black
line (Ackermann et al. 2015b). This corresponds to the
best-fit intensity using the Model A di↵use background
from that study. To illustrate the systematic uncertainty
on this curve, we also plot the spectra for di↵use models
B and C (dashed and dotted, respectively).

The PS fraction, defined as I
PS

/I
EGB

, is provided in
Tab. 4 for each energy bin. While using the EGB in-
tensity derived in this work (‘Scenario A’) is the most
self-consistent comparison, this may underestimate the
PS contribution above ⇠100 GeV, where the NPTF ap-
pears to recover too much smooth isotropic emission due
to increased cosmic-ray contamination in the data sets
used, as already discussed. Therefore, we also show the
PS fractions calculated relative to the Fermi EGB inten-
sity from Ackermann et al. (2015b) for di↵use model A
(‘Scenario B’). The comparison to the EGB as measured
in Ackermann et al. (2015b) is not fully self consistent,
since, for example, the foreground modeling and data
sets in Ackermann et al. (2015b) di↵er from those used
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FIG. 12: Full-sky maps showing the value (clipped at 20) of � log ✏p in each pixel p. The larger the value of � log ✏p, the more
likely the pixel contains a point source. (top) Results using ultracleanveto data (PSF3) for energies 1.89–94.9 GeV. Fermi 3FGL
sources are indicated by the white circles, with radii weighted by the predicted number of photon counts for a given source.
(bottom) Results using all quartiles of ultracleanveto data for 50–2000 GeV. Circles now represent Fermi 2FHL sources. The
data for this figure is available upon request.
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FIG. 11: Global fit to the PS intensity spectrum recovered
by the NPTF. The results of the NPTF low-energy analysis
on ultracleanveto PSF1–3 data and the high-energy analysis
on ultracleeanveto PSF0–3 data are shown (filled red circles
and open red boxes, respectively). The red band indicates
the best-fit (68% confidence interval) to a power law with
exponential cuto↵. For comparison, the best-fit Fermi EGB
spectra from [7] are shown for three di↵erent di↵use back-
ground models (Model A–C). The blue band indicates the
estimated IGRB spectrum, obtained by subtracting the PS
spectrum from the Fermi EGB; the spread includes the statis-
tical uncertainty from the PS intensity as well as the system-
atic uncertainty on the EGB. We also plot the best-fit smooth
isotropic spectrum recovered by the NPTF (filled blue circles
and open blue boxes). The results are in good agreement with
the estimated IGRB result (blue band) below ⇠100 GeV, but
overestimate the result at higher energies due to cosmic-ray
contamination.

rameters.18 Note that the fit is done taking into account
the uncertainties on the PS intensities in the energy sub-
bins. The global fit for the PS spectrum is shown in
Fig. 11 by the red band, which denotes the 68% confi-
dence interval. Interestingly, the index � and cut-o↵ E

cut

that we extract from the fit are very similar to the values
found in [7], which used the same functional form to fit
the EGB spectrum. Subtracting our PS spectrum from
the EGB spectral fits gives the blue band in Fig. 11. The

18

Repeating the fit using the results from the NPTF analyses

with source data returns similar results, though the PS spec-

trum is slightly enhanced relative to the ultracleanveto result.

In particular, with source data, we find C = 7.98+1.58
�1.40 ⇥ 10

�5

GeV

�1

cm

�2

s

�1

sr

�1

, � = 2.29+0.04
�0.05, and E

cut

= 325

+117

�78.1 GeV,

with �2

= 0.93.

band includes statistical uncertainties from our global fit
as well as systematic uncertainties associated with vary-
ing between Models A-C. The blue band is an estimate
of the IGRB spectrum and we compare it to the smooth
isotropic spectrum recovered by the NPTF (blue points).
Note that the two are consistent, within the large uncer-
tainties, below ⇠100 GeV; above this energy, our IGRB
value is expectedly high.

The NPTF allows us to make statistical statements
about the properties of source populations contributing
to the EGB, but at the expense of identifying the precise
locations of these sources. However, it is still possible
to make probabilistic statements about these locations.
To do so, we compare the observed photon count in a
given pixel, np, to the mean expected value, µp, with-
out accounting for PSs. To determine µp we include
the di↵use background, smooth isotropic emission, and
the Fermi bubbles templates, with normalizations as de-
termined from the NPTF. The pixel-dependent survival
function is defined as

✏p ⌘ 1 � CDF [µp, np] , (6)

where CDF is the Poisson cumulative distribution func-
tion. The smaller the value of ✏p (or, conversely, the
larger the value of � log ✏p), the more probable it is
that the pixel contains a PS. Figure 12 shows full-sky
maps of � log ✏p for both low (1.89–94.9 GeV) and high
(50–2000 GeV) energies.19 The white circles indicate
the presence of a 3FGL (2FHL) source for the low-
(high-)energy map, with the radii proportional to the pre-
dicted photon counts for the sources. There is good cor-
respondence between the hottest pixels, as determined by
� log ✏p, and the brightest resolved sources. Pixels that
are correspondingly less “hot” tend to be associated with
less-bright 3FGL (or 2FHL) sources. Of particular inter-
est are the hot pixels not already identified by the pub-
lished catalogs. In the region |b| & 30� (|b| & 10�) in the
low- (high-)energy analysis, these are likely the sources
lending the most weight to the NPTF below the catalog
sensitivity thresholds. While more sophisticated algo-
rithms are needed to further refine the candidate source
locations, Fig. 12 provides a starting point for identify-
ing the spatial locations of potential new sources to help
guide, for example, future TeV gamma-ray observations
and cross-correlations with other data sets, such as the
IceCube ultra-high-energy neutrinos.

Deciphering the constituents of the EGB remains an
important goal in the study of high-energy gamma-ray
astrophysics, with broad implications extending from the
production of PeV neutrinos to signals of dark-matter an-
nihilation or decay. The Fermi LAT has already played
an important role in the discovery of many new sources
in the GeV sky. By taking advantage of the statistical
properties of unresolved populations, our results provide

19

Digital versions of these maps are available upon request.

However, can make probabilistic statements about locations of PS by 
looking at deviations from poissonian expectation around modeled background

NPTF allows us to make statistical statements about populations of sources at the 
expense of knowing the precise location 
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FIG. 1: Diffuse CR (thin dotted line), gamma-ray (thick solid
line, adapted from Ref. [18]), and all-flavor neutrino (thick
dashed line, adapted from Ref. [18]) intensities predicted in
a model in which the UHECR flux is produced by an ex-
tragalactic distribution of proton sources, producing a “flat”
CR proton spectrum, EcrQEcr

= 0.5 × 1044 erg Mpc−3 yr−1,
and residing in environments which are “calorimetric” for
Ecr ! 50 − 100 PeV protons. The observed UHECR flux
and spectrum (Auger data points from Ref. [61, 62]) and Ice-
Cube’s neutrino flux and spectrum (IceCube data points from
Ref. [3]) are both self-consistently explained (see Refs. [8, 20]
for detailed discussion). The non-blazar contribution of the
diffuse gamma-ray background measured by Fermi (shaded
region above 50 GeV), which amounts to ∼ 30% [57] (see also
Ref. [56]) of the total extragalactic gamma-ray background,
shown as Fermi data points [17], is also accounted for in this
model (see Refs. [13, 18] for details). The model UHECR
flux (thin dotted line) and corresponding cosmogenic neutrino
(thin dashed line) and gamma-ray (thin solid line) fluxes are
adapted from Ref. [63].

flux), which is constrained by the derived density limit,
may be significantly smaller than the total density, ntot

0 .
The non-blazar component of the sub-TeV extragalac-

tic gamma-ray background flux measured by Fermi [56,
57] can be explained by the sum of hadronic gamma rays
produced inside the sources and “cosmogenic” gamma
rays produced in CR interactions with the cosmic mi-
crowave background and extragalactic background light
(see Fig. 1). In particular, SBGs have been predicted to
produce a significant contribution to the diffuse gamma-
ray background [58–60], consistent with the neutrino flux
measured by IceCube. The source density and luminos-
ity reached by gamma-ray observations are discussed in
Sec. V, where we show that some neutrino source models
like CR reservoir models should be testable with future
gamma-ray observatories.
Our conclusions are summarized and discussed in

Sec. VI. We use Ωm = 0.3, ΩΛ = 0.7 and H0 =
70 km s−1 Mpc−1 throughout.

II. SOURCE DENSITY LIMITS

The analysis presented here relies on sufficiently high-
energy muon-neutrino-induced muon track events, for
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FIG. 2: All-flavor neutrino fluxes of “post-IceCube” blazar
models, with parameters chosen to explain the IceCube data.
We consider in this paper three spectral templates, taken from
Tavecchio & Ghisellini (TG15) [37] and Petropoulou et al.
(PDPMR15) [38] for BL Lac objects, and from Dermer et al.
(DMI14) [35] for flat spectrum radio sources (FSRQs).

which the angular resolution (∼ 0.5 deg) enables one to
straightforwardly determine the absence of sources pro-
ducing multiple events. So far, no source has been de-
tected in the point and extended source analyses [12, 64,
65]. In particular, in the high-energy data sets that are
of our interest, where the atmospheric backgrounds are
much smaller, significant clustering has not been seen in
both the latest high-energy starting event (HESE) data
(including several tracks) [3] and the two-year upgoing
muon neutrino data [116]. In what follows we consider
the implications of a nondetection of any high-energy
multiplets in current and future neutrino data.
We consider in this section the limits set on the num-

ber density and luminosity of “standard candle” sources,
all producing the same luminosity. We denote the den-
sity and luminosity of the sources by neff

s and Leff
νµ , and

explain in Sec. III how these effective density and lu-
minosity may be defined for nonstandard candle sources
in order to enable the application of the results to such
source classes. The muon neutrino luminosity is defined
as the luminosity per logarithmic neutrino energy bin
(EνLEνµ

≡ EνdLνµ/dEν).

The average (over randomly distributed observers)
number of the sources producing more than k−1 multiple
events is given by Nm≥k =

!

dV neff
s [z]Pm≥k[z], where

Pm≥k[z] is the probability that a single source at red-
shift z will produce more than k − 1 multiple events,
and neff

s [z] is the comoving source density at z (we as-
sume that, for random observers, the number of sources
within small volumes dV follows a Poisson distribution
with average neff

s [z]dV). Denoting the average number
of events produced by a source at z by λ[z], we have
Pm≥2(λ) = 1 − (1 + λ) exp(−λ), where λ may be ex-
pressed using the luminosity distance dN=1 for which a
source produces one event, λ[z] = (dN=1/dL[z])2 where
dL[z] is the luminosity distance to z.
Using the above definitions, the average number of

Non-PS contribution leaves open the possibility that IceCube’s neutrinos can be  
explained by pp interactions in star-forming galaxies or misaligned AGN

non-PS 
contribution

Murase et al [1607.01601]
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Conclusions

• We are able to use photon statistics to measure the energy spectrum 
and flux distribution of unresolved point sources below Fermi 
sensitivity up to 2 TeV 

• Predictions on number of PS resolvable by CTA and likely sky 
locations of Fermi unresolved sources are obtained 

• The extracted spectrum of PS leaves open the pp hadronic origin of 
IceCube’s PeV neutrinos 

• Future work: will be able to further constrain DM contribution to the 
Fermi EGRB
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Standard Template Analysis

The models: templates
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Non-Poissonian Template Fit

Poisson Non-Poissonian

Spatial TemplatesThe models: templates
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p

The models: templates
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The models: templates
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p

Probability of observing k photons in pixel p

P (p)
k =

1

k!

dkP(p)
k

dtk

�����
t=0

P(p)
k = D(p)(t) · G(p)(t)Total Generating 

Function

Malyshev and Hogg [1104.0010] 
Lee et al [1412.6099, 1506.05124] 
Zechlin et al [1512.07190, 1605.04256] 
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Simulation: Blazar-II model
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FIG. 3: Same as Fig. 1, except for the Blazar–2 model [20, 21].

with the simulated blazar plus SFG flux.
There is, in fact, a subtle di↵erence between the PS

distribution recovered with and without the addition of
a SFG population. The di↵erence becomes noticeable
when comparing the fractions

IPS

iso

I
blazar-sim

= [0.97+0.06
�0.05, 1.00+0.11

�0.09, 0.87+0.09
�0.07, 0.72+0.12

�0.09]

for SFG + Blazar–1 and

IPS

iso

I
blazar-sim

= [0.80+0.08
�0.06, 0.59+0.07

�0.06, 0.59+0.08
�0.06, 0.43+0.06

�0.05]

for SFG + Blazar–2 to the corresponding values for the
blazar-only simulations. In the simulations with SFGs,

the fractions IPS

iso

/I
blazar-sim

are generally higher and have
larger uncertainties. The reason for this is that the SFG
emission is degenerate with an enhanced sub-threshold
component to the PS source-count distribution.

Simulating data with the PSF1–3 instrument response
function, we find that the ratios IPS

iso

/I
blazar-sim

are some-
what closer to unity than in the PSF3 case. In particular,
for the SFG + Blazar–2 model simulations,

IPS

iso

I
blazar-sim

= [1.03+0.20
�0.13, 0.73+0.06

�0.05, 0.66+0.07
�0.06, 0.57+0.07

�0.06] .

The improved exposure allows the NPTF to probe lower
fluxes and to therefore recover a larger fraction of the
isotropic-PS emission.

Ajello et al 
 [1110.3787,1310.0006] 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Simulation: SFG Source Counts and Spectra

30

4. Simulations of SFGs

Here, we show the results of running the NPTF analysis on simulated data where the EGB arises solely from SFGs.
The resulting best-fit source-count distributions are shown in Fig. S3. In the first energy bin, the brightest SFGs,
which contribute little more than ⇠1 photon, are detected as PSs by the NPTF. At higher energies, the best-fit source-
count distributions are consistent with zero and no significant evidence for a PS population is found. The energy
spectrum plot in Fig. S4 shows that the SFG flux is absorbed by the smooth isotropic template. In comparison, the
intensity absorbed by the isotropic-PS template is completely subdominant and is several orders of magnitude lower
than its Poissonian counterpart at all energies.
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FIG. S3: Best-fit source-count distribution for a simulated map containing SFGs [33]. (Formatted as in Fig. 1.)
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FIG. S4: Energy spectra for a simulated map containing SFGs [33]. (Formatted as in Fig. 2.)

Appendix B: Supplementary Analysis Results

1. Low-Energy Analysis

This section includes supplementary information pertaining to the low-energy analysis presented in Sec. IV. In
particular, Tabs. S1 and S2 present the best-fit intensities and source-count parameters for the NPTF analysis of the
top-three quartiles of ultracleanveto data. Figures S5–S8 show the posterior distributions, in each energy bin, for the
benchmark analysis. Figures S9–S19 show the best-fit source-count distributions for the various systematic studies
described in the text.

Energy I
EGB

IPS

iso

I
iso

I
di↵

I
bub

[GeV]
⇥
cm�2 s�1 sr�1

⇤

1.89–4.75 1.47+0.05
�0.04 ⇥ 10�7 8.99+0.53

�0.45 ⇥ 10�8 5.72+0.30
�0.36 ⇥ 10�8 3.28+0.01

�0.01 ⇥ 10�7 3.34+0.39
�0.41 ⇥ 10�8

4.75–11.9 5.60+0.21
�0.17 ⇥ 10�8 2.85+0.23

�0.18 ⇥ 10�8 2.74+0.12
�0.16 ⇥ 10�8 7.69+0.09

�0.08 ⇥ 10�8 1.52+0.22
�0.23 ⇥ 10�8

11.9–30.0 1.85+0.08
�0.07 ⇥ 10�8 8.54+0.85

�0.71 ⇥ 10�9 9.92+0.53
�0.63 ⇥ 10�9 1.68+0.04

�0.04 ⇥ 10�8 5.59+1.35
�1.31 ⇥ 10�9

30.0-94.9 6.19+0.42
�0.29 ⇥ 10�9 2.85+0.39

�0.33 ⇥ 10�9 3.36+0.25
�0.30 ⇥ 10�9 3.77+0.17

�0.19 ⇥ 10�9 1.10+0.72
�0.61 ⇥ 10�9

TABLE S1: Same as Tab. II, except using the top three quartiles (PSF1–3) of the Pass 8 ultracleanveto data.
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Simulation: Energy Spectra
8

101

E [GeV]

10�7

10�6

E
2 d

N
/d

E
[G

eV
cm

�2
s�

1
sr

�1
]

Blazar-1 simulation

101

E [GeV]

10�7

10�6

E
2 d

N
/d

E
[G

eV
cm

�2
s�

1
sr

�1
]

Blazar-2 simulation

101

E [GeV]

10�7

10�6

E
2 d

N
/d

E
[G

eV
cm

�2
s�

1
sr

�1
]

Blazar-1+SFG simulation

101

E [GeV]

10�7

10�6

E
2 d

N
/d

E
[G

eV
cm

�2
s�

1
sr

�1
]

Blazar-2+SFG simulation

Total (Simulation)

Total (NPTF)

p8 di�use

Iso. PS

Iso.

EGB

Blazar simulation

SFG simulation

Blazar+SFG simulation

FIG. 2: The energy spectra for the isotropic and isotropic-PS templates in each energy bin considered; the 68 and 95% confidence
intervals, constructed from the posterior distributions, are shown in blue and red, respectively. The top row represents the
results for simulated data, with ultracleanveto PSF3 instrument response function, in which the EGB consists of only Blazar–1
sources [23] (top left) or Blazar–2 sources [20, 21] (top right). The bottom row shows the same results, except when SFGs [33]
are also included in the simulation. The simulated spectrum for blazars (SFGs) is shown in dashed red (blue). For the Blazar–1
model, the isotropic-PS template absorbs almost the entirety of the flux. For the Blazar–2 model, both smooth and PS isotropic
components absorb flux, but their sum (EGB, purple band) is consistent with the input. When SFGs are also included, more
emission is absorbed by the smooth isotropic template; however, the total emission absorbed by the smooth and PS isotropic
templates is consistent with the expected total of SFG and blazar intensities. The spectrum for Galactic di↵use emission is
shown by the green line in each panel (median only). The sum of all template emission (yellow band) agrees with the total
spectrum of the simulated data. Note that the energy spectrum of the bubbles template is not shown.

between the input data and the recovered source-count
distribution above the single-photon sensitivity thresh-
old. In this case, however, the reference model predicts
a larger fraction of flux coming from sources below this
threshold. For example, about 50% of the flux comes

from sub-single photon sources in the second energy bin,
and this fraction only increases further at higher ener-
gies. The corresponding energy spectrum is shown in
the top right panel of Fig. 2. As expected, an increasing
amount of flux is absorbed by the Poissonian isotropic
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Analysis on Data: PS Fractions

23

I
EGB

Low-Energy Analysis High-Energy Analysis

1.89–4.75 4.75–11.9 11.9–30 30–94.9 50–151 151–457 457–2000 50–2000

Scenario A 0.62+0.04
�0.02 0.53+0.03

�0.03 0.48+0.03
�0.03 0.47+0.05

�0.04 0.44+0.06
�0.05 0.36+0.08

�0.06 0.12+0.09
�0.06 0.43+0.05

�0.04

Scenario B 0.54+0.03
�0.03 0.60+0.04

�0.03 0.61+0.06
�0.05 0.66+0.09

�0.07 0.67+0.10
�0.09 0.51+0.13

�0.09 0.58+0.45
�0.27 0.68+0.09

�0.08

TABLE IV: PS fractions (I
PS

/I
EGB

) for the low (PSF1–3) and high-energy (PSF0–3) analyses, using ultracleanveto data, with
energy sub-bins in units of GeV. The first row (‘Scenario A’) uses the EGB intensity obtained in this work using foreground
model p8r2; however, this scenario likely overestimates the I

EGB

at energies above ⇠100 GeV due to cosmic-ray contamination.
The second row shows the PS fractions calculated with respect to the Fermi EGB intensity from [7], with foreground Model A
(‘Scenario B’). Although the Fermi analysis uses a di↵erent foreground model, it takes advantage of a dedicated event selection
above ⇠100 GeV that mitigates e↵ects of additional contamination.

used, as already discussed. Therefore, we also show the
PS fractions calculated relative to the Fermi EGB in-
tensity from [7] for di↵use model A (‘Scenario B’). The
comparison to the EGB as measured in [7] is not fully self
consistent, since, for example, the foreground modeling
and data sets in [7] di↵er from those used in this work
to measure I

PS

. However, the advantage of this compar-
ison is that the Fermi analysis uses special event-quality
cuts to mitigate contamination, and thus their measure
of I

EGB

is likely more faithful than that presented in
this work. These results are shown in the second row of
Tab. IV. For the low-energy analysis, the PS fractions
are consistent, within uncertainties, when I

EGB

is taken
from our work or Fermi ’s.17 The substantial di↵erences
occur at high-energies, where our result is systematically
lower than the fractions based on Fermi ’s EGB intensity.

In general, we find that approximately 50–70% of the
EGB consists of PSs in the energy ranges considered. To
interpret these results, we use the ratios IPS

iso

/I
blazar-sim

obtained in the simulation studies of Sec. III. In that
section, we showed that the e�ciency for the NPTF to
recover the flux for the Blazar–2 model (with PSF1–3) is
⇠100% in the first energy bin and drops to ⇠60% in the
fourth energy bin. For the Blazar–1 model, the e�cien-
cies are consistently higher than the Blazar–2 scenario.
These two blazar models are meant to illustrate extreme
scenarios, with the Blazar–1 model having a significant
fraction of the total flux arising from high-flux sources,
while low-flux sources dominate instead in the Blazar–
2 case. The high e�ciency of the NPTF to recover the
blazar component at low energies, combined with the PS
fractions observed in the data (Tab. IV), clearly suggests
that there is a substantial non-blazar component of the
EGB up to energies ⇠30 GeV. The interpretation of the
results in the energy bin from 30.0–94.9 GeV is less clear.
A proper interpretation of the results at higher energies
in terms of evidence for or against a non-blazar compo-
nent of the EGB requires dedicated blazar simulations,

17

For ‘Scenario B’, the quoted uncertainties only include those

measured in this work for I
PS

. For I
EGB

, we use the best-fit

value given in [7].

which we leave to future work.

Our results tend to predict fewer PSs (and photons
from PSs) where we do overlap with previous studies. For
example, a similar photon-count analysis was used by [61]
to study 1–10 GeV energies in the Pass 7 Reprocessed
data. They found an ⇠80% PS fraction at these energies.
At the lowest energies that we probe—which admittedly
do not extend down as low as ⇠1 GeV—we only find
a ⇠54% PS fraction (relative to Model A). Systematic
uncertainties, as shown in Fig. 7, can a↵ect the recovered
PS intensities at the O(10%) level, which can partially
alleviate the tension between our results.

Above 50 GeV, the NPTF procedure predicts that
0.68+0.09

�0.08 of the EGB consists of PSs, with systematic
uncertainties estimated at approximately ±10%. This
fraction is smaller, and in slight tension, with the pre-
dicted value 0.86+0.16

�0.14 obtained in previous work [8]. The
fact that our results suggest that there is more di↵use
isotropic emission at high energies may have implica-
tions for the interpretation of IceCube’s PeV neutrinos.
Some models suggest, for example, that these very-high-
energy neutrinos are produced in hadronuclear (pp) inter-
actions, along with high-energy gamma-rays that would
contribute to the IGRB [33, 38, 43, 63]. If the smooth
isotropic gamma-ray spectrum (i.e., the non-blazar spec-
trum) is suppressed above 50 GeV in the Fermi data, it
could put such scenarios in tension with the data [80];
however, that does not necessarily appear to be the case
given the results of our analysis. With that said, and as
already mentioned, dedicated blazar simulations at high
energies are needed to properly interpret our results at
these energies.

The PS spectrum in Fig. 11 is well-modeled
(�2 = 1.18) as a power law with an exponential cut-o↵:

dN

dE
= C

✓
E

0.1 GeV

◆��

exp

✓
� E

E
cut

◆
, (5)

where C = 6.91+1.44
�1.29 ⇥ 10�5 GeV�1cm�2s�1sr�1, � =

2.26+0.05
�0.05, and E

cut

= 289+127

�86.3 GeV are the best-fit pa-

Scenario A: compared to our EGRB 
Scenario B: compared to Fermi EGRB
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Analysis on Data: Intensities and Parameters

12

Energy I
EGB

IPS

iso

I
iso

I
di↵

I
bub

[GeV]
⇥
cm�2 s�1 sr�1

⇤

1.89–4.75 1.38+0.05
�0.04 ⇥ 10�7 9.00+0.66

�0.54 ⇥ 10�8 4.82+0.43
�0.52 ⇥ 10�8 3.22+0.02

�0.02 ⇥ 10�7 2.90+0.67
�0.69 ⇥ 10�8

4.75–11.9 5.46+0.24
�0.22 ⇥ 10�8 2.68+0.26

�0.21 ⇥ 10�8 2.77+0.18
�0.21 ⇥ 10�8 7.38+0.15

�0.16 ⇥ 10�8 1.44+0.39
�0.39 ⇥ 10�8

11.9–30.0 1.76+0.10
�0.09 ⇥ 10�8 7.17+0.99

�0.76 ⇥ 10�9 1.04+0.08
�0.08 ⇥ 10�8 1.63+0.07

�0.07 ⇥ 10�8 5.18+2.35
�2.23 ⇥ 10�9

30.0-94.9 5.74+0.46
�0.41 ⇥ 10�9 2.40+0.48

�0.38 ⇥ 10�9 3.30+0.39
�0.42 ⇥ 10�9 3.73+0.31

�0.33 ⇥ 10�9 1.46+1.25
�0.92 ⇥ 10�9

TABLE II: Best-fit intensities for all templates used in the NPTF analysis of Pass 8 ultracleanveto PSF3 data and the p8r2

foreground model. Note that the Fermi bubbles template intensity is defined relative to the interior of the bubbles, while the
intensities of the other templates are computed with respect to the region |b| � 30�. The best-fit EGB intensity, which is the
sum of the smooth and PS isotropic contributions, is also shown. The posterior distributions for the template intensities are
provided in Fig. S5–S8.

smooth concave function for F 2dN/dF .
At very high and very low flux, the uncertainties on

the indices (n
1

and n
4

, respectively) become large. At
high flux, this is simply due to the fact that there are
very few sources, so the source-count distribution falls
o↵ rapidly. At low flux, the large uncertainties on n

4

arise from the di�culty in distinguishing the isotropic-PS
contribution from its smooth counterpart. Indeed, be-
low the single-photon boundary (dot-dashed black line),
the NPTF analysis starts to lose sensitivity. The poste-
rior distributions for the slopes above (below) the highest
(lowest) break are highly dependent on the priors and so
the quoted values in Tab. III should be treated with care.

The presence of any distinctive breaks encodes infor-
mation about the number of source populations as well as
their evolutionary properties. In all energy bins, we see
that the NPTF places the lowest break, Fb,3, close to the
one-photon sensitivity threshold and the highest break,
Fb,1, in the vicinity of the highest-flux 3FGL source (see
Tab. III for the exact values). The evidence for an addi-
tional break, Fb,2, at intermediate fluxes varies depending
on the energy bin. From 1.89–4.75 GeV, there is strong
indication for a break at fluxes ⇠10�10 ph cm�2 s�1,
with the index n

2

⇡ 2.04 above the break hardening to
n

3

⇡ 1.74 below the break. In the two subsequent en-
ergy bins, up to ⇠30 GeV, we also find evidence that
the source-count distribution hardens as we move from
high fluxes to below the second break, with the index n

3

below the second break ⇠1.9-2.0 in both cases. In the
last bin, the uncertainties are too large to determine if
the source-count distribution changes slope at any flux
above the lowest break Fb,1.

2. Top Three PSF Quartiles

The benchmark analysis described in the previous sec-
tion used only the top quartile (PSF3) of the Pass 8 ul-

tracleanveto data set. This restriction selects events with
the best angular resolution, but at the price of reducing
the total photon count. In Sec. III, we showed that in-
cluding the top three quartiles of the Pass 8 ultracleanveto

data may help constrain the source-count distribution at
low fluxes. With that in mind, we now investigate how
the results of the benchmark analysis change when using
the PSF1–3 ultracleanveto data set.

In general, the best-fit intensities for the individual
spectral components are consistent within uncertainties
with those obtained using only the top quartile of data.
(See Tab. S1 for specific values.) The PS flux does in-
crease slightly in going from PSF3 to PSF1–3 in the up-
per energy bins due to the increased exposure. More
specifically, the ratios of the median PS intensities mea-
sured with ultracleanveto PSF1–3 data to those measured
with PSF3 data are [1.00, 1.06, 1.19, 1.19] in the four in-
creasing energy bins. This can also be seen in the associ-
ated spectral intensity plot (right panel of Fig. 4), where
the red bands are further above the 3FGL line in the last
energy bins than in the corresponding plot for the PSF3
analysis (left panel). The intensity of the EGB is seen
to increase slightly, in all energy bins, when going from
PSF3 to PSF1–3 data, potentially suggesting additional
cosmic-ray contamination with the looser photon-quality
cuts, though the increases in EGB intensities are within
statistical uncertainties.

The best-fit source-count distributions recovered by
the NPTF with PSF1–3 data are shown in Fig. 6. For
reference, the blue curve shows the best-fit for the PSF3–
only analysis. The most important di↵erence between the
PSF3 and PSF1–3 results is that the source-count distri-
butions extend to lower flux with PSF1–3 data. This is
due to the fact that the exposure in each energy bin, aver-
aged over the region of interest, is larger for the top three
quartiles compared to the top quartile alone. As a re-
sult, the flux corresponding to single-photon detection is
lower (compare the vertical dot-dashed line in Fig. 6 with
that in Fig. 5), which improves the NPTF reach. Thus,
the PSF1–3 analysis is sensitive to more sub-threshold
sources. Note that the same trend was observed in the
simulation tests in Sec. III in going from PSF3 to PSF1–3
data sets.

Other than the location of the lowest break, which is
lower due to the increased exposure, all other source-
count distribution parameters are consistent, within un-
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Energy n
1

n
2

n
3

n
4

Fb,3 Fb,2 Fb,1

[GeV]
⇥
cm�2 s�1

⇤

1.89–4.75 3.96+0.68
�0.80 2.04+0.05

�0.05 1.74+0.19
�0.37 �0.40+1.18

�1.05 1.13+0.39
�0.52 ⇥ 10�11 1.22+2.00

�0.56 ⇥ 10�10 1.43+0.51
�0.46 ⇥ 10�8

4.75–11.9 3.84+0.78
�0.86 2.13+0.15

�0.13 1.91+0.09
�0.12 �0.44+1.21

�1.03 1.16+0.47
�0.51 ⇥ 10�11 2.95+1.80

�1.79 ⇥ 10�10 5.52+2.66
�2.06 ⇥ 10�9

11.9–30.0 3.54+0.96
�0.91 2.42+0.41

�0.32 1.97+0.11
�0.13 �0.14+1.13

�1.15 1.11+0.52
�0.50 ⇥ 10�11 3.47+1.56

�1.76 ⇥ 10�10 2.83+1.34
�1.34 ⇥ 10�9

30.0-94.9 3.63+0.89
�0.98 1.83+0.52

�0.47 2.51+0.29
�0.21 �0.20+1.15

�1.16 1.02+0.47
�0.46 ⇥ 10�11 2.48+1.86

�1.36 ⇥ 10�10 1.68+0.68
�0.65 ⇥ 10�9

TABLE III: Best-fit parameters for the source-count distributions recovered for each energy bin; the flux breaks Fb,i and indices
ni are labeled from highest to lowest (Fb,i > Fb,i+1

). These values correspond to the NPTF analysis of Pass 8 ultracleanveto

PSF3 data with the p8r2 foreground model. The median and 68% confidence intervals are recovered from the posterior
distributions, which are provided in Fig. S5–S8.

B. Systematic Tests

The previous subsection illustrated how the results of
the NPTF change when additional ultracleanveto PSF
quartiles are included in the analysis. Next, we briefly
summarize a variety of additional systematic tests that
have been performed. While the smooth isotropic in-
tensity, and thus the intensity of the EGB, is subject to
large systematic uncertainties, the spectrum of emission
from PSs as captured by the NPTF appears robust to the
systematic e↵ects considered here. This is the primary
conclusion of this subsection.

Figure 7 summarizes the intensity of the EGB, IGRB,
and PS components for the di↵erent systematic tests. For
comparison, the EGB intensity as measured by Fermi is
shown by the gray band. To obtain this band, we use
the best-fit power-law spectrum with exponential cut-o↵
provided in [7]; the width of the gray band is found by
varying between best-fit values for the three foreground
models considered in that paper (e.g., Models A/B/C)
and does not include statistical uncertainties, which be-
come increasingly important at high energies. For ref-
erence, the best-fit source-count distributions for these
tests are provided in Appendix B 1.

1. Region of Interest

As a first cross-check on the stability of the results
presented in Sec. IV A, we explore the e↵ects of altering
the region of interest. Thus far, we have only shown re-
sults for |b| � 30�, but we now loosen this constraint and
consider the case |b| � 10�. Extending the region of in-
terest closer to the Galactic disk increases the amount of
data being analyzed, but at the cost of potentially more
contamination from di↵use foreground emission and lo-
cal PSs. As shown in Fig. 7, the best-fit intensities for
the isotropic and isotropic-PS components are equiva-
lent, within errors, to their counterparts in the bench-
mark analysis. The best-fit source-counts are shown in
Fig. S9.

We also ran the NPTF on the Northern (b > 30�)
and Southern (b < �30�) hemispheres separately. The

intensities for the EGB, IGRB, and PS components are
systematically lower (higher) for the Northern (Southern)
analysis than for the benchmark case. Similar behavior
is apparent in the source-count plots, shown in Figs. S10
and S11.

2. Event class

We have already explored the implications of broaden-
ing the ultracleanveto data set to include the top three
quartiles. Now we consider the implications of repeating
the NPTF analysis on the source data with PSF1–3. This
event class has looser photon-quality cuts, which leads
to larger overall exposure, but significantly more cosmic-
ray contamination. In general, it is not recommended
to use source data for IGRB studies; for our purposes,
however, it will be intriguing to see how the increased
photon statistics a↵ect the recovered source-count dis-
tribution for the PS component. As shown in Fig. 7,
the EGB intensity is far larger than that recovered by
the benchmark analysis and overpredicts Fermi ’s EGB
result in most energy bins. The sharp rise in the EGB
intensity can be traced to a substantial fraction of smooth
isotropic emission, which is expected for this event class
at most energies. Most importantly, the intensity of the
isotropic-PS component is consistent, within uncertain-
ties, with that found in the benchmark analysis.11 This
is a confirmation that the NPTF is able to successfully
constrain the source-count distribution even in a data set
with significantly more smooth isotropic flux.

The source-count distributions are provided in
Fig. S12. In general, they exhibit similar behavior to
the ultracleanveto PSF1–3 functions, extending to lower
fluxes due to the increased exposure for this event class.
One potential new feature of interest in the source-data
source-count distributions is that, in the second energy
bin from 4.75–11.9 GeV, there is a more pronounced

11

The recovered PS intensity is slightly larger with source PSF1–3

data as compared to ultracleanveto PSF3 data, which is likely

due to the increased exposure in the source PSF1–3 data set.

Best-fit intensities:

Best-fit parameters:
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FIG. 6: The same as Fig. 5, except using the top three quartiles (PSF1–3) of the Pass 8 ultracleanveto data. The median
source-count distribution for the PSF3 analysis is shown in blue. The best-fit values for the source-count distributions are
provided in Tab. S2 of the Appendix.

hardening of the source-count distribution below the sec-
ond break Fb,2, as compared to the ultracleanveto PSF1–3
analyses.

3. Foreground Model

A potentially significant source of systematic uncer-
tainty in the NPTF analysis is due to mis-modeling of
high-energy gamma-rays produced in cosmic-ray propa-
gation in the Milky Way [76]. These high-energy photons
arise from bremsstrahlung of electrons o↵ the interstellar
medium, boosted pion decay, and inverse Compton (IC)
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FIG. 10: (left) Best-fit source-count distribution in the wide-energy bin from 50–2000 GeV using all quartiles of Pass 8
ultracleanveto data. The black points indicate the 2FHL sources, and the blue line denotes the best-fit source-count from [8]
that corresponds to the same energy bin. (right) A comparison of the cumulative source-count distribution for the same
analysis.

low (1.89–94.9 GeV, |b| > 30�) and high (50–2000 GeV,
|b| > 10�) energies. For the first time, the intensity and
source-count distributions for the isotropic PSs have been
obtained as a function of energy, up to 2 TeV. The best-
fit source-count distributions probe fluxes below the cur-
rent detection threshold for the Fermi 3FGL and 2FHL
catalogs, providing information on the unresolved popu-
lations.

Through extensive studies of how the NPTF responds
to simulated populations, we have shown that the anal-
ysis procedure reproduces the properties of input source
classes. Therefore, the features of the best-fit source-
count distributions obtained from the data provide a po-
tential wealth of information about the source popula-
tions of the EGB. While a detailed interpretation of the
source-count distributions in terms of particular theoret-
ical models is beyond the scope of this paper, several
important trends were observed.

In this work, the source-count distributions are
parametrized as triply-broken power laws in the NPTF.
At all energies, a break is fit at low (high) fluxes, below
(above) which the analysis method loses sensitivity. Of
particular interest is whether an additional break, Fb,2,
is preferred at intermediate flux. We find a significant
statistical preference for a break in the lowest energy bin
(1.89–4.75 GeV) at 1.22+2.00

�0.56⇥10�10 cm�2 s�1 with slope

2.04+0.05
�0.05 above and 1.74+0.19

�0.37 below. In the subsequent
two energy bins, 4.75–11.9 GeV and 11.9–30.0 GeV, there
is a mild indication that the source-count distribution
hardens below the intermediate flux break, though the
change in slope is not as robust and significant as in the
lowest energy bin. At higher energies, above ⇠30 GeV,
there is no indication that the source-count distribution

changes slope at the intermediate break. This trend is
in line with the expectations from the blazar simulations
in Sec. III. For example, in both Figs. 1 and 3 (see also
Fig. S2), which show the results of the NPTF run on
simulated data with the Blazar–1 and Blazar–2 models,
we find evidence for curvature in the source-count distri-
bution at intermediate fluxes in the lowest energy bins,
while at higher energies the recovered source-count dis-
tribution appears as a single power law at fluxes above
the sensitivity threshold of the NPTF. In the energy bin
from 50–2000 GeV the best-fit value for Fb,2 is essentially
unconstrained and the slopes above and below it are con-
sistent within uncertainties: 2.28+0.28

�0.22 and 2.17+0.12
�0.09.

The NPTF also provides the best-fit intensities for the
isotropic-PS populations as a function of energy. Fig-
ure 11 illustrates this spectrum for analyses done using
the ultracleanveto event class. The filled red circles (open
red boxes) show the results for the dedicated low (high)-
energy analysis, with PSF1–3 data used at low energies
and PSF0–3 data at high energies. For comparison, the
Fermi EGB spectrum is shown by the black line [7]. This
corresponds to the best-fit intensity using the Model A
di↵use background from that study. To illustrate the
systematic uncertainty on this curve, we also plot the
spectra for di↵use models B and C (dashed and dotted,
respectively).

The PS fraction, defined as I
PS

/I
EGB

, is provided in
Tab. IV for each energy bin. While using the EGB in-
tensity derived in this work (‘Scenario A’) is the most
self-consistent comparison, this may underestimate the
PS contribution above ⇠100 GeV, where the NPTF ap-
pears to recover too much smooth isotropic emission due
to increased cosmic-ray contamination in the data sets
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FIG. 9: Comparison of the EGB (black circles), IGRB (blue squares), and PS (red stars) intensities recovered by the NPTF
for the various systematic tests specific to high energies. The gray band indicates the systematic uncertainty associated with
the measured Fermi EGB [7]. The associated source-count distributions for these analyses are provided in Appendix B 2.


