A New Mask for An
Old Suspect

Testing the sensitivity of the Galactic
Center Excess to the point source mask

2= Fermilab
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third dimension (not shown) — energy
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Outline

1. Things most people agree on intoducton’)

- how many photons?? (roughly) how
are they distributed across the sky?

2. Things that are up for debate




Part 1

Features of the
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(Galactic Center

Raw Counts Excess Model (x3)
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(Galactic Center

Raw Counts Excess Model (x3)

0.316 - 1.0 GeV

poIiNnt sources;

isotropic; W |
diffuse 3 excess with
emission: ? normalization
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Single Slide on
Diffuse Emission

Diffuse gamma ray emission arises when cosmic
rays collide with background “target” material
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Diffuse gamma ray emission arises when cosmic
rays collide with background “target” material

Cosmic rays can be hadronic or leptonic
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Single Slide on
Diffuse Emission

Difftuse gamma ray emission arises when cosmic
rays collide with background “target”™ material

Cosmic rays can be hadronic or leptonic
Targets can be dust/gas or photons
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| atitude dependence

[
DO

GCE $ —20°<t<20°
PSCs : - 2.12-3.32 GeV

—
-

794+ Bremss }: I

ICS : :

Isotropic ! [

Bubbles : .
[]

o
00

=
o

>
N

Hl_|
| $—

2,
<
=
N
-
o
o)
)
-
-
o
@,

1409.0042



Total Normalization
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Seenoutto> 10

Hooper&Goodenough 2010 Calore+ 2014

GeV excess emission Boyarsky+ 2010 Fermi coll. (preliminary)

at £ =2 GeV Hooperé& Slatyer 2013 ----  contracted NFW ~ = 1.26 |
Gordon+ 2013 Fermi Bubbles (extrapolated)

Abazajian+ 2014 HI + H2 (at z < 0.2 kpc)
Daylan+ 2014

1411.4647

Galactic latitude |b| [deg], at £ = 0°

dotted line: pgnrw=ps (r/rs)Y [1+(r/rs)]3+v and y~1.2




Robust to diffuse map

T
GC excess spectrum with -
stat. and corr. syst. errors -
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Robust to diffuse map

— And present
A everywhere
on the sky
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Part 2

Where Does It
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Two Primary Candidate

Explanations
1. Dark Matter Annihi

e cxpected
e thermalre

DM spatia

ation
distribution (~pgnFw?) IS @ good fit

IC Ccross-section and ~ weak scale mass

match observed brightness and energy spectrum
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Two Primary Candidate

Explanations

1. Dark Matter Annihilation
e expected DM spatial distribution (~pgnFw?) is a good fit

e thermal relic cross-section and ~ weak scale mass
match observed brightness and energy spectrum
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Two Primary Candidate

EXplanations

1. Dark Matter Annihilatio
e cxpected DM spatial distr

e thermal relic cross-sect]

match observed bright and energy spectrum

but: “extraordinary clal equire extraordinary evidence”

asn’t shown up anvwhere else




Point Source Statistics

dark matter onl

curves
predicted DM only
------ predicted PS only
predicted PS only (w/o PSF)
histograms
simulated DM only
simulated PS only
simulated PS only (w/o PSF)
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Point Source Statistics

point sources onl point sources only (w/o PSF)

dark matter onl

curves
predicted DM only
------ predicted PS only
predicted PS only (w/o PSF)
histograms
simulated DM only
simulated PS only
simulated PS only (w/o PSF)

similar at low counts

Lee, Lisanti, Safdi 141 26099 Cf pgNFWZ"’ r‘2V Wlth

O0~2.5 observed
(in Andromeda)

diffuse only
diffuse + DM
------ diffuse + PS
diffuse + PS (w/o PSF)

number of pix¢

P

10°
10

(O]

u]

c

(O]

| -

D

= 0
S 10
(O]

2

)

L)

(O]

| -

T o T
S © 9
w N =

10 15
photon count

o



Point Source Statistics

dark matter onl point sources onl

point sources only (w/o PSF)

curves
- predicted DM only
------ predicted PS only
predicted PS only (w/o PSF)
histograms
— simulated DM only
— simulated PS only
simulated PS only (w/o PSF)

Lee, Lisanti, Safdi 141 26099 Cf pgNFWZ"’ r‘2V Wlth

~ -6 ~71.
Nps~Tr y~1.2 different along tails
0~2.5 opserved

(in Andromeda)

.............

TN,

=
o o
>,

e
o

= =

=
e <
w N

u]

c

(O]

| -

D

= 0
S 10
(O]

2

)

L)

(O]

| -

10 15
photon count



Point Source Fits

Leeetal, 1506.05124

3FGL masked

— NFW PS
— NFW DM

DM only
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fit, excess “preterred” to
be from point sources



Point Source Fits

Leeetal, 1506.05124

3FGL masked -- NFW PS

— NFW PS (3FGL masked)
— NFW PS —
3FGL PS
— NFW DM + ¢

DM only
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fit, excess “preterred” to
be from point sources

but most of the brightness must
be just below the (ca. 2015)
point source detection thresholad



| ooking for Point Sources

“Wavelet” — convolve data with shape functions
of Increasing size

e pbreak down sky into structures of different angular size
to form a partition of the data (single scale = matched filter)

e |00k for excess and ask: does it add up?




| ooking for Point Sources
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Point Source Search, 2015
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Point Source Search, 2015
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Point Source Search, 2015

bin in S and location
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Point Source Search, 2015

bin in S and location
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How to characterize CSP?

dN/dL

Lnin = CR physics
Lin — detection threshold
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How to characterize CSP?

dN/dL

Lnin = CR physics
Lin — detection threshold
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CSP Can Be Bright Enough

e (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

Inner Galaxy
wavelet analysis
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e (Given an assumption about the
“luminosity function” (the
dependence of Nps on Lps),
can ask if “point source-y” PSs
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PSs accounting for the GCE

Inner Galaxy
wavelet analysis
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CSP Can Be Bright Enough

e (Given an assumption about the
“luminosity function” (the

Inner Galaxy
dependence of Nps on I—PS) wavelet analysis
can ask if “point source-y” PSs 1
Strong Support for the Millisecond Pulsar Ongm of the Ca]a(‘tlc C‘ontor GeV Excess

1,0t

Richard Bartels,*” Suraj Krishnamurthy,|T and Christoph Weniger

VGRAPPA Institute, University of Amsterdam, Science Park 904, 1090 GL Amsterdam, Netherlands
(Dated: 4 February 2016)

Nnosity function had a

power-law index a=1.5 107 5 - 0%

Maximum 7-ray luminosity, L.y [erg s™1

Bartels et al., 1 506051 04
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.. but trouble tor NPTF
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.. but trouble tor NPTF
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Part 3

lemplate and Wavelet
Results After 4FGL




The 4FGL Catalog
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The 4FGL Catalog
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pb-dependence of detection
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The 4FGL Catalog

2FGL + disk 3FGL + disk 4FGL + disk

additional solid angle under the mask depends on
location: about 3x larger than 2FGL in innermost
region, down to about 50% more in outer regions



GCE: Template Fit Results

Zhong, McDermott, Cholis, Fox, 1 911 1 2369
2FGL mask, NF'W
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GCE: Template Fit Results

Zhong, McDermott, Cholis, Fox, 1 911 1 2369
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GCE: Template Fit Results

Zhong, McDermott, Cholis, Fox, 1 911 1 2369
2FGL mask, NF'W 4FGL mask, NFW

— tot ICS — isotropic

— tot ICS — isotropic
— 710 & Brem — Bubbles — NFW

— 79 & Brem — Bubbles — NFW
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TABLE I. Difference in —21In A\ (lower numbers are better) at
the best fit points of each model, summed over energy bins,
compared to our best fit for each mask.




GCE: Template Fit Results

Zhong, McDermott, Cholis, Fox, 1 911 1 2369
2FGL mask, NF'W 4FGL mask, NFW
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Wavelet” Results
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Counting “Wavelet” Peaks
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Counting “Wavelet” Peaks
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wavelet statistics change qualitatively with 4FGL!



High-S Sources
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High-S Sources
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High-S Sources
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Stacked CSP Spectra

Ty
0p)
~—
0p)
~—
N

=
O
~—
—
O
9.

?\
Sa
Rw
~—
ZF\
R
o\ Nen
Q

—-— candidate CSP members

i | | IlllllllO
E, |GeV]




Compare Spectra

= == NFW, 2FGL mask NFW, 4FGL mask
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Compare Spectra
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implications for GCE
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implications for GCE
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L uminosity Function

dN/dL

Lnin = CR physics
Lin — detection threshold
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L uminosity Function

dN/dL

Lnin = CR physics
Lin — detection threshold
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L uminosity Function

dN/dL

Lnin = CR physics
Lin — detection threshold
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L uminosity Function

dN/dL

Lnin = CR physics
Lin — detection threshold
Lmax = CR physics

L-a

<thr L dN/dL dL “= GCFE’



L uminosity Function

dN/dL

Lnin = CR physics
L — detection threshold
Lnax = CR physics

L-a

DS S

<thr L dN/dL dL “= GCFE’



L uminosity Function

dN/dL

Lwin — 1029 erg/s
Linr — 1034 erg/s
._Lr_nax = 1 035 erg/s

L-a

<thr L dN/dL dL “= GC&
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L uminosity Function

dN/dL

Lwin — 1031 erg/s
Linr — 1034 erg/s
" Lmax — 1035 erg/s
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. uminosity Function®

dN/dL

Lnin — O
Linr = 3x103%4 erg/s
Limax — 10%° erg/s

L-a

<thr L dN/dL dL “= GC&
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Does DM still work??

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

S is a nonlinear function of counts/binning — but
AFGL always captures entire relevant population
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Future Steps

 [Template fit Improvements:

- Incorporate 4FGL mask (which takes up so much
solid angle near GCE) In a more sophisticated way

- consider more diffuse models




Conclusions

« GCE isin a peculiar position...
very confident it’s there

seems to be very hard to independently substantiate
either of the two most popular explanations

e Future is "bright”




Thanks!




Extra




Other Searches

Gamma rays from dwarf galaxies (~null)
Antiprotons from AMS (~pro)

Standard Analysis
we=  Improved Analysis

Mock Sky Monte Carlo
From Improved Analysis
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Other Searches

Gamma rays from dwarf galaxies (~null)
Antiprotons from AMS (~pro)
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Other Searches

Gamma rays from dwarf galaxies (~null)
Antiprotons from AMS (~pro)

Standard Analysis
we=  Improved Analysis
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Point Source Fit Update
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most of the brightness should have
been just below the (ca. 2015) (time invariant statement)
point source detection threshola




