
Evidence for Unresolved Gamma-Ray Point
Sources in the Inner Galaxy

Ben Safdi

Massachusetts Institute of Technology

2015

B.S., S. Lee, M. Lisanti, and B.S., S. Lee, M. Lisanti, T. Slatyer, W. Xue
[1412.6099 and 1506.05124]



The Fermi Large-Area Telescope (LAT)

0902.1089

Fermi (NASA)

1406.0507



PSs important for gamma-ray signals of DM

Import to understand contributions from unresolved PSs to
gamma-ray background to constrain contributions from dark

matter (DM)



The Fermi Gamma-Ray Sky

Data taken from ∼August 4, 2008 to December 5, 2013
HEALPIX nside = 128 (Npix = 196, 608)

∼2–12 GeV
Mollweide view
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GeV Excess: Inner Galaxy
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0.5-1 GeV residual
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FIG. 7: Intensity maps (in galactic coordinates) after subtracting the point source model and best-fit Galactic di↵use model,
Fermi bubbles, and isotropic templates. Template coe�cients are obtained from the fit including these three templates and
a � = 1.3 DM-like template. Masked pixels are indicated in black. All maps have been smoothed to a common PSF of 2
degrees for display, before masking (the corresponding masks have not been smoothed; they reflect the actual masks used in
the analysis). At energies between ⇠0.5-10 GeV (i.e. in the first three frames), the dark-matter-like emission is clearly visible
around the Galactic Center.

V. THE GALACTIC CENTER

In this section, we describe our analysis of the Fermi
data from the region of the Galactic Center, defined as
|b| < 5�, |l| < 5�. We make use of the same Pass 7 data
set, with Q2 cuts on CTBCORE, as described in the pre-
vious section. We performed a binned likelihood analysis
to this data set using the Fermi tool gtlike, dividing
the region into 200⇥200 spatial bins (each 0.05�⇥0.05�),
and 12 logarithmically-spaced energy bins between 0.316-

10.0 GeV. Included in the fit is a model for the Galac-
tic di↵use emission, supplemented by a model spatially
tracing the observed 20 cm emission [45], a model for
the isotropic gamma-ray background, and all gamma-ray
sources listed in the 2FGL catalog [46], as well as the
two additional point sources described in Ref. [47]. We
allow the flux and spectral shape of all high-significance
(
p

TS > 25) 2FGL sources located within 7� of the
Galactic Center to vary. For somewhat more distant or
lower significance sources ( = 7� � 8� and

p
TS > 25,

(Daylan et al.)



GeV Excess: Spectrum



Pulsars: Spectrum

Millisecond pulsar spectrum similar to excess (from 61
millisecond pulsars and 36 globular clusters)

1507.05616: disrupted globular clusters can explain pulsar
distribution (Cholis, Hooper, Linden)



Astrophysical Scenarios

Can we use the Fermi data to differentiate between smooth and
unresolved PS emission?



Photon Statistics: DM vs. Point Sources

dark matter only point sources only

0

5



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
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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)
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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)



Isotropic point sources
• Region: mask 30◦ around plane

0 40

• include diffuse, bubbles, isotropic, and isotropic PS



Isotropic point sources: source-count function
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Region: mask 4◦ around plane, out to 30◦
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NFW point sources: source-count function
• For ROI out to 10◦, with 4◦ around plane masked
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NFW point sources: source-count function
• Prediction: ∼200 PS’s in inner galaxy (large uncertainties)

~62 ps’s make  
half of excess
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NFW point sources: flux fraction
• For ROI out to 10◦, with 4◦ around plane masked
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Model comparison

I NFW DM + NFW PS favored over NFW DM with Bayes
factor ∼106 (very strong evidence)



Model comparison
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factor ∼106 (very strong evidence)



Tentative conclusion: GeV excess better fit by point-source
emission than smooth (DM) emission



Future

I Incorporate energy dependence in NPTF! (in progress, ask
after to see preliminary plots)

I Find the PS’s! (work in progress with Fermi data and
X-rays)

I In depth study of NPTF using simulated data (in progress)
I New method, new applications: apply more carefully to

high latitudes (energy dependence) (in progress)
I New applications: PSs in other data sets, such as IceCube

(in progress)
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Questions?



NPTF Systematics

I Spatially mis-modeled background: real concern, can
affect source-count function, but pref. for PSs seems
robust

I Mis-modeling signal (NFW profile): appears to have
minimal effect

I Mis-modeling angular resolution: predictable but minimal
effect.

I Over-constrained source-count function: added more
degrees of freedom, results consistent within uncertainties

I Side-band study: study of bright excess 30◦ from GC (no
pref for PSs)

I Increased dataset: (∼5.5 years Pass 7 to 7 years Pass 7 to
7 years Pass 8), significance increases within prediction
from Monte Carlo

I Validation with Monte-Carlo-generated “fake” data
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Where are the PSs? − log[1− CDF(data; DM model)]
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Statistics of CDF(data; DM model)
• In each pixel: ε(p) ≡ 1− CDF(data; DM model)

• Use PS-masked maps (within 30◦ of GC and |b| ≥ 2◦)

✏✏



Energy-dependent non-Poissonian template fit
• PRELIMINARY!!! (L. Necib and B.S.)

• Data set: new Pass 8 data
• mask: |b| ≥ 1◦ within 30◦ of GC
• mask: top 300 PSs masked + all 3FGL PSs modeled
• Energy range: 4 log-spaced bins ∈ [1.89, 11.94] GeV.
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Energy-dependent non-Poissonian template fit
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Isotropic point sources: fluxes 6

FIG. S2: The posterior probabilities for the photon intensity associated with a given template in the high-latitude analysis
with 3FGL sources unmasked (left column) and masked (right column). The top row shows the result without a PS template
(i.e., the standard template fit), while the bottom row shows the result of the NPTF with an isotropic PS template included.
Whether or not the 3FGL sources are masked, the isotropic template in the standard template fit clearly absorbs intensity that
is assigned to the isotropic PS template in the NPTF. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.

are masked. However, the isotropic template is sensitive to the presence of the 3FGL sources, with its median best-fit
intensity increasing from ⇠1.9 ⇥ 10�7 to ⇠3.0 ⇥ 10�7 photons/cm2/s/sr when going from the right to left panels.

When the isotropic PS template is included in the NPTF at high-latitudes (bottom row in Fig. S2), there is no
e↵ect on the flux absorbed by the di↵use and bubbles template. In this case, the isotropic template is insensitive
(within uncertainties) to the masking of the 3FGL sources, with a photon intensity that remains unchanged between
the left and right panels. Instead, the isotropic PS template accounts for the resolved PSs when the 3FGL sources
are unmasked, and picks up flux (presumably from unresolved PS emission) when the 3FGL sources are masked.

The intensity of the IGRB that is predicted by the NPTF can be compared with published values from the Fermi
collaboration [20]. Applying a standard template analysis to 50 months of Fermi LAT data, [20] determined the
IGRB spectrum from 100 MeV to 820 GeV. The brightest PSs from the 2FGL catalog (the predecessor of the
3FGL catalog) were fitted individually, while a standard template was used to model the other identified sources.
Three foreground models—labeled A, B, C—were studied to better understand the e↵ects of variations in the di↵use
emission. For each foreground model, the spectrum of the IGRB intensity was fit to a broken power law with an
exponential cuto↵. According to our estimates, the results in [20] predict IGRB intensities of IA

iso = 1.33 ⇥ 10�7,
IB
iso = 1.80 ⇥ 10�7, IC

iso = 1.35 ⇥ 10�7 photons/cm2/s/sr in the energy range from 1.893–11.943 GeV for the three
models, with systematic uncertainties on the order of 10% in each case. The intensity of the IGRB computed using
the NPTF (e.g., 1.55+0.07

�0.07 ⇥ 10�7 photons/cm2/s/sr for the 3FGL-masked fit) is generally in agreement with the
results of [20]. However, a direct comparison is di�cult to make because, for example, the analyses treat the known
PSs di↵erently, use di↵erent PS catalogs, use di↵erent data sets, and use di↵erent foreground models. It would be
interesting to repeat the analysis in [20] including a non-Poissonian PS template to more accurately extract the
contribution of unresolved PSs to the total EGB.

3FGL 
sources



Isotropic point sources: fluxes 6

FIG. S2: The posterior probabilities for the photon intensity associated with a given template in the high-latitude analysis
with 3FGL sources unmasked (left column) and masked (right column). The top row shows the result without a PS template
(i.e., the standard template fit), while the bottom row shows the result of the NPTF with an isotropic PS template included.
Whether or not the 3FGL sources are masked, the isotropic template in the standard template fit clearly absorbs intensity that
is assigned to the isotropic PS template in the NPTF. Dashed vertical lines indicate the 16th, 50th, and 84th percentiles.
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e↵ect on the flux absorbed by the di↵use and bubbles template. In this case, the isotropic template is insensitive
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