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The gamma ray Galactic Center Excess (GCE)

Statistically significant excess in Fermi-LAT data [talk by D.Hooper|
few % of inner Galaxy flux

Debated nature:
Millisecond pulsar-like (MSP) in Galactic Bulge vs. Dark Matter (DM)

image credits: CLUMPY (J factor map), diffuse model [Storm+17], spectra [Gautam+21, Calore+14],
morphology maps, [Storm+17], sim statistics [Lee-+15]. [Blame me for this collage]
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The gamma ray Galactic Center Excess (GCE)

Statistically significant excess in Fermi-LAT data [talk by D.Hooper]
few % of inner Galaxy flux

Debated nature:
Millisecond pulsar-like (MSP) in Galactic Bulge vs. Dark Matter (DM)

Characteristics: spectrum, morphology, photon statistics

image credits: CLUMPY (J factor map), diffuse model [Storm+17], spectra [Gautam+21, Calore+14],
morphology maps, [Storm+17], sim statistics [Lee+15]. [Blame me for this collage]
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The gamma ray Galactic Center Excess (GCE)

Statistically significant excess in Fermi-LAT data [talk by D.Hooper]
few % of inner Galaxy flux

Debated nature:
Millisecond pulsar-like (MSP) in Galactic Bulge vs. Dark Matter (DM)

S

Interstellar diffuse emission mismodeling

image credits: CLUMPY (J factor map), diffuse model [Storm+417], spectra [Gautam+21, Calore+14],
morphology maps, [Storm+17], sim statistics [Lee+15]. [Blame me for this collage]
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Focus: the GCE high energy tail

—— Gautam+NA22, MSP prompt+IC + Calore+PRD15
— = Cholis+PRD22, DM 40 GeV bb {  DiMauro+PRD22

0 20 40 60 80 100
Energy [GeV]

Crucial discrimination power: naturally explained by inverse Compton of e* in
MSP (see [GRA Monday session|), DM annihilation needs more tuning

Last dedicated work: [Linden+prn 161 7y of data using standard template fitting + photon
count statistics (NPTF), likely same issues as [Lee+pri15] as pointed in [Leane+prr’19]
(see backup)
S. Manconi (LAPTh, CNRS) | TeVPA 2023 3



Goals & Outline

in collaboration with:
Francesca Calore (LAPTh, CNRS) Fiorenza Donato (University & INFN, Torino)

Assess GCE significance and measure characteristics of inner Galaxy
gamma rays at > 10 GeV

1 Combining state-of-the-art methods, as pioneered in rcaiore,susprr 211
Photon count statistics: Measure faint point sources

* Adaptive template fitting : Minimize/study diffuse emission model
systematics, crucial for photon count statistics

2 Preliminary results

3 Summary & Outlook

S. Manconi (LAPTh, CNRS) TeVPA 2023 4



Photon count statistics of gamma rays

Statistical analysis of photon counts! to decompose the gamma-ray sky and
measure source count distribution dN/dS below catalog flux threshold
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Main application: isotropic, extragalactic sources

Bright diffuse backgrounds + mis-modeling could bias method at low latitudes

[Leane&Slatyer PRL’19,PRD’20,Buschmann+PRD’20,Calore,SM+PRL’21]

Two main implementations: NPTF Lee+PRL16,Mishra-Sharma+AJ’17]; 1pPDF Zechlin+ApJS’16,+ApJL’16
based on formalism introduced in [Malyshev+ApJ2011]. Main applications include: extragalactic sources

[Lisanti+Apj2016,DiMauro,SM+ApJ’ 18], blazar models [SM+PRD’20], DM halo, subhalo constraints
[Zechlin,SM+PRD’18,Somalwar+ApJ’21], ...

S. Manconi (LAPTh, CNRS) | TeVPA 2023 5



SkyFACT: overcoming diffuse emission mismodeling

Model to fit Fermi-LAT data: Xpixels energy spectrum x spatial morphology

Data (0.34 - 228.65 GeV)

0
£ [deg]

e Standard fitting techniques: up to 30% residuals (choiis+pro 22, pont+prn 2]

e Mismodeling at low angular scales: spurious evidence for new components
such as point sources (reanetsiatyer PRD20, Karwint22]

e SkyFACT (scormscar 171: account for intrinsic uncertainties in spectral/spatial
predictions by introducing very large number of parameters w/ regularisation
conditions for the likelihood [— C.Eckner’s talk]

S. Manconi (LAPTh, CNRS) | TeVPA 2023 6



Combining 1pPDF and SkyFACT
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o SkyFACT: reduce diffuse mis-modeling

e Photon-count statistic: model faint sources after reducing residuals

First application to inner Galaxy (caiore,suprior, arxivi2102.124071 at energies 2-5 GeV

S. Manconi (LAPTh, CNRS) TeVPA 2023 7



Inner Galaxy, energies 2—5 GeV: results

[Calore,SM+PRL’21] , [Calore,SM+PRL’21]
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e Stellar-bulge morphology preferred over dark matter: SkyFACT only (100)
and modeling faint sources (InB> 20), confirms (sarte1sia 18, maciasia’ 18,5047 191
e Unresolved point sources resolved down to ~ 5-1071!1 ph cm™2 s—1

e Diffuse mismodeling strongly affects faint source reconstruction

S. Manconi (LAPTh, CNRS) TeVPA 2023 8



Inner Galaxy, energies 2—5 GeV:

[Calore,SM+PRL’21]
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e Stellar-bulge morphology preferred over dark matter: SkyFACT only (100)
and modeling faint sources (InB> 20), confirms (sarceissie’ 18, 1aciassin’ 18, 3047 19]

e Unresolved point sources resolved down to ~ 510~ ph cm=2 s—1
e Diffuse mismodeling strongly affects faint source reconstruction

e Faint sources not purely isotropic, few % of total 2-5 GeV flux

Corroborating a possible, (at least) partial stellar origin

of the Galactic center excess
S. Manconi (LAPTh, CNRS) | TeVPA 2023 8



Extending to energies > 10 GeV

Fermi-LAT data selection: ULTRACLEANVETO, all PSF (2-5 GeV was PSF3)
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SkyFACT results: inner Galaxy spectrum

GCE input spectrum: power law

== 4FGL (PS) ¢ Data
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Model components compatible between
full energy (0.2-500 GeV) and high energy (> 10 GeV) fit

work in progress: MSP-like GCE input spectrum
S. Manconi (LAPTh, CNRS) | | TeVPA 2023 10



Stellar bulge of dark matter?

SkyFACT fit, nested model comparison

GCE: NFW (y = 1.26) GCE: stellar + nuclear bulge

Comparing to no GCE: 5.50 Comparing to no GCE: 9.70
Comparing t.o boxy + nuclear Comparing to NFW: 7.9¢
bulge: no evidence

Photon count statistics, Bayesian model comparison Bj; = exp(ln Z; — In Zj)
Comparing to no GCE:
InB=37

Comparing to NFW: InB=21

no GCE Comparing to no GCE:
In(B) = 17

unresolved sources + norm of diffuse, GCE templates ~ 1

Evidence for a GCE at > 10 GeV
better described by a stellar bulge morphology

S. Manconi (LAPTh, CNRS) | | TeVPA 2023
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dN/dS results: control regions (10-300 GeV)

— Compare source count distribution and density to inner Galaxy

[y, e—— ]
1 counts/px 1360 1 counts/px 190

e High latitudes: stable and robust measurement, no matter diffuse model

e Low latitudes: large residuals with modA? drive spurious source
reconstruction around catalog threshold

e Sources resolved at fluxes 1 order of magnitude lower with respect to catalog
threshold, see e.g. 3FHL mivauro,sueaps1a)

2GALPROP model from Fermi-LAT IGRB analysis [Ackermann+ApJ’15]

S. Manconi (LAPTh, CNRS) | TeVPA 2023 12



dN/dS results: control regions (10-300 GeV)

— Compare source count distribution and density to inner Galaxy

Extragalactic Sky, 10-300 GeV
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e High latitudes: stable and robust measurement, no matter diffuse model

e Low latitudes: large residuals with modA? drive spurious source

reconstruction around catalog threshold

e Sources resolved at fluxes 1 order of magnitude lower with respect to catalog

threshold, see e.g. 3FHL minauro,sueaps 18]

2

S. Manconi (LAPTh, CNRS) |

GALPROP model from Fermi-LAT IGRB analysis [Ackermann+ApJ’15]
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dN/dS results: inner Galaxy

Source-count distribution measured for 10-300 GeV:

Inner Galaxy, 10-300 GeV

| B8 SkyFACT & 1pPDF BB+NB
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e Gamma-ray point sources resolved down to ~ 3-10712 ph cm=2 s~ 1
e dNdS reconstruction robust against modification of diffuse emission model

e work in progress: spatial distribution

S. Manconi (LAPTh, CNRS) | TeVPA 2023 13



Summary & Outlook

Evidence for a stellar bulge-like Galactic Center Excess from
E > 10 GeV Fermi-LAT data .

V' Addressing diffuse emissions mis-modeling with adaptive template fitting

v' Measuring bright and faint point sources with photon count statistics

Work iy prpgress:” i H e m
e Spatial distribution of.faint point sources in the inner Galaxy
o C.onsisteimy of results between energy bins
e Predictions for forthcoming surveys of high-energy gamma rays

Thank you for listening!

S. Manconi (LAPTh, CNRS) 4 c TeVPA 2023 14
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The dN/dS of gamma ray sources

Fermi-LAT source catalogs 3 — source count distribution dN/dS
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Limited by detection threshold of given survey

Characterizes gamma-ray sky composition and source populations

34FGL-DRS3, 12 years [Ferni-LAT coll., ApJs’22]
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More on dN/

$2dN/dS [ph/cm?/s/deg?)

S. Manconi (LAPTh,

& diffuse mismodeling

Inner Galaxy, 10-300 GeV
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SkyFACT: gas smoothing scale
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dNdS results: control regions (2-5 GeV)
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dNdS results: control regions (2-5 GeV)
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Source count distribution 2-5 GeV: systematics

Stability of results tested against many systematics, see supplementary [calore, si+prL’21]

Diffuse emission mismodeling

[Calore,SM+PRL’21]
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Test of 1 pPDF method with Fermi-LAT data

In 1-10 GeV [Zechlin+ApjS 2016] Adding a galactic dark matter template
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Luminosity functions of MSP explaining the excess

[DinsmoregSlatyer’Jcap’22]: Comparing 7 models for MSP properties explaining the excess:

# sources detectable? # overall to explain excess? viable luminosity functions?
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Models can produce 100-10°MSP w/o
overproducting 4FGL sources

Factor 5-20 sensitivity: 30% of the excess would give detectable MSP in Fermi-LAT
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Photon count statistics: timeline [until 2020, using NPTF]

Is the excess diffuse or point-like (sources spatially distribuited as dark matter)?

2016 : Excess entirely due to unresolved point-sources [Lee+prL16]
2019 : Earlier results not robust: smooth dark matter not reconstructed even if injected
dark matter strickes back? [Leane+prL’19]

2019/2020 : Explain why injection test failed: background mismodeling! excess still
consistent with being partially point sources with updated diffuse models

[Chang+PRD’20, Buschmann+PRD’20]

2020 : Preference for point sources influenced by spurios sources/ excess north-south
asymmetry, robustness further casted into doubt [(Leane+prr,prp>20]
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Robustness of results highly dependent on serious systematics from
Galactic diffuse emission mismodeling

S. Manconi (LAPTh, CNRS) | TeVPA 2023 25



Galactic diffuse mismodeling: residuals

Model to fit Fermi-LAT data: ¥ixels energy spectrum x spatial morphology
¢ [deg]
Residuals (o 34 - 228.65 GeV)

o =

(=]
o
fraction

-20° -0.3
20° 10° 340°
Galactic longitude

0 10 \J° -
[cflolis+PRD’22] o [Poh1+PRD’22]
Template fitting: still up to 30% residuals

Mismodeling at low angular scales, north-south: spurious evidence for new components
such as point sources [Leanctsiatyer PRD’20, Karwin+22]

. Manconi (LAPTh, CNRS) | TeVPA 2023 26



How do we reduce residuals?

Data-driven:

e Spherical harmonic marginalization
Improve models:

[Buschmann+PRD20]
e Gaussian Processes Better estimates of target Hy, Ha, Hr; gas
[Mishra-Sharma,Cranmer, ’22] column density, inferred by line spectra,

dispersion measures

e SkyFACT: sky factorisation with
adaptive constraining templates
[Storm+JCAP’17]

Data (034 - 228.65 GeV)

e new atomic HI reconstr, with

radiation model of emission
+absorption (shmakov+22]

e convolutional neural nets to fill gaps
in molecular Hs tracers like CO

[Shmakov+22, Karwin+22]

e bayesian inference of 3D CO maps

[Mertsch&Vittino’20]
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Morphology

Dark matter Boxy-bulge T;
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e Evidence for stellar bulge-like

[Bartels+NA’18,Macias+NA’18,JCAP’19,Calore, SM+PRL’21]
e Longitudinal asimmetry at ~ 10 deg

Discriminate interpretation? Yes!
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Morphology: still debated

Independent groups find different results for the morphology of the excess

Spherical symmetric (dark matter-like)

e Early works often not testing other Stellar bulge (MSP-like)

morphologies e Two independent groups in 2018

[Bartels+NA’18,Macias+NA’18,JCAP’19]
o Recent works: [pivauro PRD’20,21,

Cholis+PRD’22,McDermott+22], ... USing e Subsequent works with even more
astrophysical models and varying significance: [calore,sM PRL’21,Pohl+ApJ22]
many parameters (ring based, skyfact based)
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[McDermott+22] Profile

Difficult to close this debate using only template fitting:
current residuals too high
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