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Hints of dark matter annihilation in Fermi data?

Daylan et. al., 2014

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

I Natural thermal relic: �Av ⇠ 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

• New method: Non Poissonian Template Fit (NPTF)
I JCAP 2015: S. Lee, M. Lisanti, B. S.
I Phys. Rev. Lett. 2016: S. Lee, M. Lisanti, B. S., T. Slatyer, W. Xue

I 1604.01026: T. Linden, N. Rodd, B.S., T. Slatyer

I many works in progress: B.S., . . .



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 = �ke��/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)
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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 model M with parameters ✓

I The likelihood function:

p(d|✓, M) =
Y

pixels p

p(p)
np

(✓)
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Thank you Fermi !

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)



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�).
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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�

• 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�

• Bayes factor ⇠ 0.1



ROI: the ` = 0� excess



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

• Disk template centered around ` = 0�

• Bayes factor ⇠ 109 (3FGL unmasked), 104 (3FGL masked)
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The ` = 0� excess: source-count function

0
0 3 5

18

9

2
2

0



PSs consistent with MSP luminosity function?

0
0 3 5

18

9

2
2

0

All known 
Fermi MSPs

1507.05616 



Check 2: Monte Carlo



The ` = 0� excess: Monte CarloThe ` = 0� excess: source-count function
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The ` = 0� excess: Monte CarloThe ` = 0� excess: source-count function
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Wavelet approach comes to same conclusion
• Bartels, Krishnamurthy, Weniger (PRL 2016)
• Signal-to-noise ratio (SNR; S) of wavelet transform
• Filters out structure of specific size (PSF) 2

� = �2.5 and a hard cuto� at radius r = 3 kpc [13, 15].
As reference �-ray energy spectrum, we adopt the stacked
MSP spectrum from Ref. [35], dN

dE / e�E/3.78GeVE�1.57.
The �-ray luminosity function is modeled with a power-
law, dN

dL / L��, with index � = �1.5 [31, 35], and with
lower and upper hard cuto�s at Lmin = 1029 erg s�1 and
Lmax = 1034–1036 erg s�1, respectively. Luminosities are
integrated over 0.1–100 GeV. Our results depend little on
Lmin. Given that only about 70 MSPs have been detected
in �-rays up to now [32], Lmax is not well constrained.
The �-ray luminosity of the brightest observed MSP is
somewhere in the range 0.5–2 · 1035 erg s�1 [32, 35], de-
pending on the adopted source distance [25, 31]. Di�use
emission is modeled with the standard model for point
source analysis, gll iem v06.fits, and the correspond-
ing isotropic background.

Data. For our analysis, we use almost seven years of
ultraclean Fermi-LAT P8R2 data, taken between 4 Aug
2008 and 3 Jun 2015. We select both front and back con-
verted events in the energy range 1–4 GeV, which covers
the peak of the GCE spectrum. The Region Of Interest
(ROI) covers the inner Galaxy and spans Galactic longi-
tudes |`| � 12� and latitudes 2� � |b| � 12�. The data is
binned in Cartesian coordinates with a pixel size of 0.1�.

Wavelet peaks. The wavelet transform of the �-ray
data is defined as the convolution of the photon count
map, C(�), with the wavelet kernel, W(�),

FW [C](�) ⌘
�

d� W(� � ��)C(��) , (1)

where � denotes Galactic coordinates (note that�
d� W(�) = 0). However, the central observable for

the current analysis is the signal-to-noise ratio (SNR) of
the wavelet transform, which we define as

S(�) ⌘ FW [C](�)�
FW2 [C](�)

, (2)

where in the denominator the wavelet kernel is squared
before performing the convolution. If the �-ray flux var-
ied only on scales much larger than the extent of the
wavelet kernel, and in the limit of a large number of
photons, S(�) would behave like a smoothed Gaussian
random field. Consequentially, S(�) can be loosely in-
terpreted as the local significance for having a source at
position �, in units of standard deviations.

As wavelet kernel, we adopt the second member of the
Mexican Hat Wavelet Family, MHWF2, which was shown
to provide very good source discrimination power [36],
and which was used for identification of compact sources
in Planck data [37]. The wavelet can be obtained by
a successive application of the Laplacian operator to a
two-dimensional Gaussian distribution with width �b ·R.
Here, �b = 0.4� corresponds to the Fermi-LAT angu-
lar resolution at 1–4 GeV, and R is a tuning parameter.
We find best results when R varies linearly with latitude
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FIG. 1. SNR of the wavelet transform of �-rays with energies
in the range 1–4 GeV, S(�). The black circles show the po-
sition of wavelet peaks with S � 2; the red circles show the
position of 3FGL sources. In both cases, the circle area scales
with the significance of the source detection in that energy
range. The dashed lines indicate the regions that we use for
the binned likelihood analysis, where latitudes |b| < 2� are ex-
cluded because of the strong emission from the Galactic disk.
The subset of 3FGL sources that remains unmasked in our
analysis is indicated by the green crosses.

from R = 0.53 at b = 0� to R = 0.83 at b = ±12�. This
compensates to some degree the increasing di�use back-
grounds towards the Galactic disk, while optimizing the
source sensitivity at higher latitudes [37].

The resulting SNR of the wavelet transform, S(�),
is shown in Fig. 1. As expected, the Galactic di�use
emission is almost completely filtered out by the wavelet
transform, whereas bright sources lead to pronounced
peaks. We adopt a simple algorithm for peak identifi-
cation: We find all pixels in S(�) with values larger than
in the four adjacent pixels. We then clean these results
from artefacts by forming clusters of peaks with cophe-
netic distances less than 0.3�, and only keep the most
significant peak in each cluster.

In Fig. 1, we show the identified wavelet peaks with
peak significance S > 2, as well as all 3FGL sources for
comparison [1]. For sources that are bright enough in
the adopted energy range, we find a good correspondence
between wavelet peaks and the 3FGL, both in terms of
position and significance (we compare the significance of
wavelet peaks, S, with the 1–3 GeV detection significance
for 3FGL sources).

It is worth emphasizing that for the adopted spheri-
cally symmetric and centrally peaked distribution of the
CSP, most of the sources would be detected not directly
at the GC, but a few degrees away from the Galactic disk.
This is simply due to the much weaker di�use emission
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• red: 3FGL, black: S > 2



Radio followup survey
• Follow-up survey in radio (Green Bank, Parkes) for MSPs

• Submitted and submitting: proposals for Green Bank
observing time

• Simulation results: ⇠100 hours of observation time, find
⇠5 MSPs in the bulge

Green Bank (West Virginia)Parkes (Australia)

with T. Linden, S. Ransom, N. Rodd, P. Ray, J. Thaler, C. Weniger, . . . , Fermi members (E. Charles, M. Di Mauro)



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



The NPTF Code Package (NPTFit)

I Will be released in July or August (looking for testers!)

I Fast and semi-analytic evaluation of p(p)
np

(✓) and p(d|✓, M)
I any PSF, variety of dN/dS characterizations, arbitrary

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

options
I Applications beyond GC excess (e.g., Fermi

high-lat—1606.04101, IceCube)
I L. Necib (MIT), N. Rodd (MIT), B.S., Siddharth Sharma

(Princeton)
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NPTF at high-lat. constrains extragal. PSs (blazars)
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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

smooth iso
SFG sim

blazar sim

iso PS EGB

1606.04101: M. Lisanti, S. Mishra-Sharma, L. Necib, B.S.
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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� Ecut

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�1cm�2s�1sr�1, � = 2.29+0.04
�0.05, and Ecut = 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.
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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. IV B. 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.
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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)

1606.04101: M. Lisanti, S. Mishra-Sharma, L. Necib, B.S.



Questions?



Radio followup survey: where to look
• Candidates identified through wavelet analysis + modified jet
clustering analysis (N. Rodd, B.S.,J. Thaler) of Fermi data

Target definition — Target positions for the proposed searches were synthesized from the follow-
ing three lists: (1) Unassociated 3FGL sources with luminosities below 1035 ergs�1 (> 100MeV)
if placed at 8.5 kpc distance (brighter sources are very unlikely MSPs at bulge distance), and with
an energy spectrum compatible with MSPs; (2) wavelet peaks with a signal-to-noise ratio S > 3.0
(see [10] for details); (3) jet clustering peaks with significance � log10 � > 2.0 (see [9] for details).

We consider (a) unassociated 3FGL sources and (b) sources found by both the wavelet and jet
clustering algorithms in our initial target list, within the region 2� < |b| < 12� and |`| < 12�. The
targets that we finally select from this list (as we will discuss further below) are indicated as blue
crosses in Fig. 1.

We ranked all targets by the probability of detecting radio pulsations. To this end, we define for
each target the total per pointing detection probability score S in terms of the probabilities that the
source is actually an MSP (pMSP), that the radio beam will cover the true location of the source
(ploc) and that pulsations from source are detectable in with GBT (prad).
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Figure 1: Position of proposed list of 40 targets
(blue ’+’; size indicates score), compared with po-
sitions of previous radio searches (green ’x’). We
furthermore show the position of unassociated 3FGL
sources as yellow circles (sizes indicate source sig-
nificance). The inner |b| < 2� is masked because
of large diffuse foregrounds (indicated by horizon-
tal lines). The curved dashed lines indicate from left
to right declinations of �20�, �30� and �40�; the
long-dashed lines indicate the transition from 820
MHz to 1.4 GHz.

The probability that a given target is a bulge
MSP is estimated as follows. We use the best-fit
results from [10] concerning the density of bulge
MSPs and the gamma-ray luminosity function,
and estimate the probability that a given peak is
associated with a source in the bulge population
(as opposed to being a foreground source or a
statistical fluctuation). We find that this proba-
bility, as function of galactocentric distance and
significance, is between pMSP ⇠ 0.5 and 0.9.

To estimate the probability that a given bulge
MSP can be observed with the GBT, prad, we fol-
low the calculations outlined in [6] and the ap-
pendix. We consider GBT observations at 820
MHz (at |b| > 8�) and 1.4 GHz (at |b| < 8�), with
one hour integration time per pointing. Taking
into account the loose gamma-ray/radio correla-
tion found in [6], the detection probability for
a gamma-ray bright bulge MSP that is centered
at the beam ranges at 1.4 GHz roughly between
prad ⇠ 0.05 and 0.25 (and somewhat less at 820
MHz), depending on the source latitude.

The beam radius of the GBT at 1.4 GHz is
�HWHM = 0.075�, and at 820 MHz it is 0.13�.
The 68% containment radius of the position of
near-threshold Fermi sources is typically of the
same size. For the wavelet analysis, we checked
with a Monte Carlo study that this value is
around 0.15�(0.10)� for wavelets with signifi-
cance S > 3.0(4.0), and will use these results in our projections. This implies that multiple point-
ings per target are required to cover even the 68% containment region. Since the telescope gain
drops by a factor of two at the edges of the FWHM region (which would have already significant
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PS candidates from jet clustering



Statistics of PS candidates
• In each jet: ✏(p) ⌘ 1 � CDF(data; background model)

• Mask all 3FGL sources
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Statistics of PS candidates
• In each jet: ✏(p) ⌘ 1 � CDF(data; background model)

• Mask all 3FGL sources
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