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Studies of the Fermi Data

Daylan et al.

Calore et al.

Planck Coll.

Fermi Coll.

Su et al.
Also works from Hooper & Goodenough 
2009-10, Hooper Linden,  Abazajian & 
Kaplinghat,Gordon & Macias …

The galactic center and inner galaxy is a very interesting region. 
Interesting CR activity. Burst? Point Sources.  
A possible signal of Dark Matter Annihilation?



Robust to diffuse gamma-ray 
emission uncertainties

The GCE is present 
everywhere in the 

inner galaxy 
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What are the explanations?

I will focus on the GCE.

DM

YES?

YES?
The Ret. II excess is
 ~20 photons

1 d event
-

1 3He event

p0 = 160 MeV, vA= 60 km/s

thermal relic c.s.
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FIG. 3. Preferred DM mass and annihilation cross-section (1,
2 and 3 � contours) for all single channel final states where
ICS emission can be safely ignored. Vertical gray lines refer
to the W , Z, h and t mass thresholds. The p-values for an-
nihilation to pure W+W �, ZZ and t̄t final states are below
0.05, indicating that the fit is poor for these channels; see
Tab. I. Uncertainties in the DM halo are parametrized and
bracketed by A = [0.17, 5.3], see Sec. V. The results shown
here refer to A = 1.

that the interpolation at mass threshold agrees with our
own results from PYTHIA 8.186.

In addition to gamma rays, CR electrons and positrons
are produced as final (stable) products of DM annihila-
tions. These CR electrons/positrons, like all other elec-
trons/positrons propagate in the Galaxy and produce
ICS and bremsstrahlung emission.5 Generally, the ICS
emission is expected to be more important for DM mod-
els with significant branching ratios to (light) leptons.
Therefore we separate our discussion to first address the
cases when ICS emission can be safely ignored, before
discussing in detail ICS emission for annihilation to lep-
tons.

A. Single annihilation channels without ICS

We first discuss annihilation to pure two-body annihi-
lation states for the cases when ICS emission can be safely
ignored. This turns out to be all cases except annihila-
tion to electrons and muons. In Fig. 3 we show the best-

5
CR p and p̄ from DM annihilations can also give their own ⇡0

emission of DM origin, but are suppressed from the p̄/p measure-

ments already by at least five orders of magnitude compared to

the conventional Galactic di↵use ⇡0
emission.

Channel
h�vi

(10�26 cm3 s�1)
m�

(GeV) �2
min p-value

q̄q 0.83+0.15
�0.13 23.8+3.2

�2.6 26.7 0.22

c̄c 1.24+0.15
�0.15 38.2+4.7

�3.9 23.6 0.37

b̄b 1.75+0.28
�0.26 48.7+6.4

�5.2 23.9 0.35

t̄t 5.8+0.8
�0.8 173.3+2.8

�0 43.9 0.003

gg 2.16+0.35
�0.32 57.5+7.5

�6.3 24.5 0.32

W+W � 3.52+0.48
�0.48 80.4+1.3

�0 36.7 0.026

ZZ 4.12+0.55
�0.55 91.2+1.53

�0 35.3 0.036

hh 5.33+0.68
�0.68 125.7+3.1

�0 29.5 0.13

⌧+⌧� 0.337+0.047
�0.048 9.96+1.05

�0.91 33.5 0.055
⇥
µ+µ� 1.57+0.23

�0.23 5.23+0.22
�0.27 43.9 0.0036

⇤
��ICS

TABLE I. Results of spectral fits to the Fermi GeV excess
emission as shown in Fig. 2, together with ±1� errors (which
include statistical as well as model uncertainties, see text).
We also show the corresponding p-value. Annihilation into
q̄q, c̄c, b̄b, gg and hh all give fits that are compatible with
the observed spectrum. There is also a narrow mass where
annihilation into ⌧+⌧� is not excluded with 95% CL signifi-
cance. Annihilation to pure W+W �, ZZ and t̄t is excluded
at 95% CL, as is the µ+µ� spectrum without ICS emission
(��ICS). Bosons masses are from the PDG live [93].

fit annihilation cross-section and DM mass for all other
two-body annihilation states involving SM fermions and
bosons. The results are also summarized in Tab. I, where
we furthermore give the p-value of the fit as a proxy for
the goodness-of-fit. As with previous analyses, we find
that annihilation to gluons and quark final states q̄q, c̄c
and b̄b, provide a good fit. In the case of the canonical b̄b
final states, we find slightly higher masses are preferred
compared to previous analyses, see e.g. Refs. [11, 13, 14].
This is because of the additional uncertainty in the high-
energy tail of the energy spectrum that is allowed for in
this analysis. The highest mass to b̄b final states that
still gives a good fit (with a p-value > 0.05) is 73.9 GeV.

As the tail of the spectrum extends to higher energy, we
also consider annihilation to on-shell t̄t and SM bosons.
For t̄t, we find that the fit is poor because the DM spec-
trum peaks at too high an energy (⇠ 4.5 GeV rather than
the observed peak at 1–3 GeV). As the p-value is very low
for this channel, we do not consider it further. Pure an-
nihilation to pairs of W and Z gauge bosons are also ex-
cluded at a little over 95% CL significance. However, per-
haps surprisingly, annihilation to pairs of on-shell Higgs
bosons (colloquially referred to as “Higgs in Space” [94])
produce a rather good fit, so long as h is produced close to
rest. This is analogous to the scenario studied in Ref. [95]
in a di↵erent context. One interesting feature of this
channel is the gamma-ray line at m�/2 ' 63 GeV from
h decay to two photons. This is clearly visible in the
central panel of Fig. 2. The branching ratio for h ! ��

Calore, Cholis, 
McCabe, Weniger, 

2015



Alternative work related to the Galactic Center the 
GeV excess and it’s interpretations

Millisecond Pulsars:
Hooper, IC, Linden, Siegal-Gaskins & Slatyer 
PRD 2013 (1305.0830), (<10% of total)
Calore, Di Mauro, Donato ApJ 2014 
(1406.2706) (<10%)
IC, Hooper, Linden JCAP 2015 (1407.5625) 
NOT REALLY ABOVE 5deg
Calore, Di Mauro, Donato, Hessels, Weniger 
(1512.06825) MAYBE YES
Brandt, Cocsis ApJ 2015 YES BUT SPECIAL
MSPs
O’Leary, Kistler, Kerr, Dexter 2016 
PROBABLY 

As reference we need 1-3x10^3 MSPs in the 
inner 2 kpc bellow threshold

Sensitivity analyses on point-sources 
and astrophysics modeling:

Bartels, Krishnamurthi, Weniger PRL 2016
Lee, Lisanti, Safdi, Slatyer, Xue PRL 2016
Huang, Ensslin, Selig JPCS 2016.

A Central Source Population



How to characterize a 
Central Source Population?

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → gamma-ray physics

Lthr → detection threshold

Lmax → gamma-ray physics

αL → theory prior

Prior peaked at αL~1; strong 
preference for αL≤1.5 (various 
arguments)

0609359, 0610649, 1407.5583, 1411.0559, 1411.2980, …



A simple Question: Can the 
CSP Be Bright Enough?
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Maximum γ-ray luminosity, Lmax [erg s−1]
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Inner Galaxy
wavelet analysis

Bartels et al., 1506.05104

• Given an assumption about the 
“luminosity function” (the 
dependence of NPS on LPS), 
can ask if “point source-y” PSs 
are compatible with unresolved 
PSs accounting for the GCE 

• Claim in 2015 was “yes” if the 
luminosity function had a 
power-law index αL=1.5



• Given an assumption about the 
“luminosity function” (the 
dependence of NPS on LPS), 
can ask if “point source-y” PSs 
are compatible with unresolved 
PSs accounting for the GCE 

• Claim in 2015 was “yes” if the 
luminosity function had a 
power-law index αL=1.5

Yes, a CSP Can Be Bright 
Enough
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The 4FGL Catalog

Abdollahi et al., 1902.10045



The 4FGL Catalog

Abdollahi et al., 1902.10045

10-12 erg/cm2/s ~ 0.7×1033 erg/s @ 8.5 kpc 

⟹Lthr(|b|>10o)~2×1033 erg/s



The Masks of different Fermi 
Catalogs (#FGL)



What are wavelets?

Allow analysis of data in both time/space and 
frequency space 

Different type of structures 
will have a different power at 
different levels of the deco-
mposition (e.g. edges and 
other small scale structures  
vs larger scale variations).

Wavelets can find these different structures.

Wavelets have been used in image compression (JPEG), de-
noising, fast signal identification, even in HEP data 



GCE: “Wavelet” Results

117 peaks (w/ S>4) ⊃ 109 peaks near 4FGL

Zhong, McDermott, Cholis, Fox, 1911.12369



Counting “Wavelet” Peaks

wavelet statistics change qualitatively with 4FGL!
60 diffuse models × 100 trials Zhong, McDermott, Cholis, Fox, 1911.12369



High-S Sources

117 peaks (w/ S>4) ⊃ 109 peaks near 4FGL ⊃ 47 are unknown/unassociated

We have access to all of those spectra in 4FGL!

Zhong, McDermott, Cholis, Fox, 1911.12369



Compare Spectra
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Implications for GCE
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Lsub-threshold/Labove-threshold=4±1

(and: spectrum must be substantially different)
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Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL

∫>thr L dN/dL dL  = stacked spectra

Lmin → gamma-ray physics

Lthr → detection threshold

Lmax → gamma-ray physics




Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL

∫<thr L dN/dL dL “= GCE”
∫>thr L dN/dL dL  = stacked spectra

Lmin → gamma-ray physics

Lthr → detection threshold

Lmax → gamma-ray physics




Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → 1029 erg/s

Lthr → 1034 erg/s

Lmax → 1035 erg/s

⟹ αL → 1.95 ± 0.05


Nsub → (3.5 ± 1.7)*106

if GCE is PSs, 
Lsub-threshold/Labove-threshold=4±1

(compare to Nvis ~ 47)
∫<thr L dN/dL dL “= GCE”

∫>thr L dN/dL dL  = stacked spectra



Luminosity Function?

dN/dL

L
Lmin LmaxLthr

L−αL

Lmin → 0

Lthr → 3×1034 erg/s

Lmax → 1035 erg/s

⟹ αL → 1.8 ± 0.05


(Nsub  diverges)

if GCE is PSs, 
Lsub-threshold/Labove-threshold=4±1

∫<thr L dN/dL dL “= GCE”
∫>thr L dN/dL dL  = stacked spectra



Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → 0

Lthr → 3×1034 erg/s

Lmax → 1035 erg/s

⟹ αL → 1.8 ± 0.05


(Nsub  diverges!)

if GCE is PSs, 
Lsub-threshold/Labove-threshold=4±1

∫<thr L dN/dL dL “= GCE”
∫>thr L dN/dL dL  = stacked spectra

bottom line: αL<1.5 is strongly 
disfavored under any 

reasonable set of assumptions 
⟹ 

the GCE is not a large 
population of MSPs



DM or Cosmic-Ray Burst activity still work

3 DM models × 60 diffuse models × 100 trials

No additional small-scale structure, 
so it looks just as good as diffuse-only

Zhong, McDermott, Cholis, Fox, 1911.12369



Thanks!



Extra



Point Source Fit Update

 2,  5, 17,  9,  2,  2

3 5 18

9

2 2
0

0
0

Lee et al., 1506.05124

most of the brightness should have 
been just below the (ca. 2015) 

point source detection threshold
(time invariant statement)

Buschmann et al., 2002.12373
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Point Source Statistics

Lee, Lisanti, Safdi 1412.6099

nPS~r-δ

δ~2.5 observed 
(in Andromeda)

cf. ρgNFW2~r-2γ with 
γ~1.2



Lee, Lisanti, Safdi 1412.6099

nPS~r-δ

δ~2.5 observed 
(in Andromeda)

cf. ρgNFW2~r-2γ with 
γ~1.2

similar at low counts

Point Source Statistics



Lee, Lisanti, Safdi 1412.6099

nPS~r-δ

δ~2.5 observed 
(in Andromeda)

cf. ρgNFW2~r-2γ with 
γ~1.2

similar at low counts

different along tails

Point Source Statistics



Point Source Fits

based on non-Poissonian 
(vs. Poissonian) template 
fit, excess “preferred” to 
be from point sources

Lee et al., 1506.05124



Point Source Fits

based on non-Poissonian 
(vs. Poissonian) template 
fit, excess “preferred” to 
be from point sources

 2,  5, 17,  9,  2,  2

3 5 18

9

2 2
0

0
0

Lee et al., 1506.05124

but most of the brightness must 
be just below the (ca. 2015) 

point source detection threshold



b-dependence of detection

Abdo et al., 1305.4385



b-dependence of detection

Abdo et al., 1305.4385

Lthr(|b|>10o)~2×1033 erg/s 

⟹Lthr(|b|>2o)~8×1033 erg/s



GCE: Template Fit Results
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GCE: Template Fit Results
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GCE: Template Fit Results
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GCE: Template Fit Results
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What are wavelets?
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Other Energy Binnings
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S is a nonlinear function of counts/binning — but 
4FGL always captures entire relevant population



Luminosity Function

dN/dL

L
Lmin LmaxLthr

L−αL
Lmin → 1031 erg/s

Lthr → 1034 erg/s

Lmax → 1035 erg/s

⟹ αL → 2.06 ± 0.04


Nsub → (1.7 ± 0.5)*103

if GCE is PSs, 
Lsub-threshold/Labove-threshold=4±1

∫<thr L dN/dL dL “= GCE”
∫>thr L dN/dL dL  = stacked spectra

(compare to Nvis ~ 47)


