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Anomalies in the gamma-ray sky

Uncovering a gamma-ray excess at the galactic center

Gamma-ray @ few GeV
Fermi-LAT
Fermi GeV excess

Gamma-ray @ 511 keV
INTEGRAL/SPI
Positron annihilation line

NuSTAR
hard diffuse excess emission

Gamma-ray @ hundreds GeV
Fermi-LAT
Fermi bubbles, and their radio/
microwave conterparts

Excesses extended far well beyond central CMZ and nuclear bulge
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The Galactic centre GeV excess

Slgnal
- Well-established excess of Fermi-LAT GeV
photons from the inner Galaxy™*

- Peculiar spectrum peaked at a few GeV

- Extended emission up to ~10 degrees (~1.5
Kpc), almost spherically symmetric (but not
quite so)

Interpretations:
- Diffuse emission from electrons/positrons at

the Galactic centre (enhanced SF or activity

GC) Gaggero+ JCAP’'15; Carlson+PRD’15;
Petrovic+ JCAP’14; Cholis,FC+JCAP’15

- Sub-threshold millisecond pulsar-like point
SOUrces Bartels+PRL’16; Lee+PRL’16; Ackermann+'17

- Dark matter annihilation: large freedom in

channel/masses thanks to syst uncertainties
Calore+ PRD’15; Agrawal+JCAP’15
“*Some Refs. since 2009: Hooper&Goodenough '09; Vitale&Morselli ’09;

Abazajian&Kaplinghat PRD’12; de Boer+’16; Macias+’16; Hooperé&Slatyer
PDU’13; Huang+ JCAP’13; Zhou+ PRD’15; Daylan+ ’14; Calore+ JCAP’15;

Gaggero+ 2015; Ajello+ 2015; Huang+JCAP ’15; Linden+PRD’16; Horiuchi+’16;

Ackermann+Apd’1l7; Ackermann+2017; Leane & Slatyer’19
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General: Fit to gamma-ray data

Counts, 2.12 - 3.32 GeV

Data counts Model counts

ki,j i = Zei,kﬂg,j) — | :
k

Challenge 1: Templates choice & modelling

1. 7TO+ Brems 2. 1CS 3. Point 4. Fermi 5. Isotropic ||6. GeV excess
sources bubbles diffuse bkg || template
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General: Fit to gamma-ray data

Counts, 2.12 - 3.32 GeV

Data counts Model counts

k@j Hij = 26’

Challenge 2: Fitting techniques

Model = Z Morphology'®) x Spectrum™)

The (spatial) template-fitting method (maximum likelihood) == 0;

Hooper+ PDU’13; Huang+ JCAP’13; Daylan+ ’14; Calore+ JCAP’15; Gaggero+ JCAP’15

ith energy
Pixel-wise maximum likelihood decomposition —> 6’/&',]{
D3P0 — Selig+ A&A’14; Huang+'15 ith pixel
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Fitting the gamma-ray sky

Data (0.34 - 228.65 GeV)
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Large residuals (~30%) remain in the sky with this simple model, but clear
structures emerge (extended sources, Fermi bubbles)
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A way forward

>

Set of tested model . .
o O VTR Imperfect modelling might lead to severely

o . .
° ° realmodel  Diased estimators, above all for extended

o o Q emission features.

Model parameters

>
Model parameters

How to fully account for intrinsic uncertainties in spectral/spatial
predictions?
=> Introduce a very large number of parameters w/ regularisation conditions
for the likelihood:

k k
Wi = an,kT]( ) % 97;,147@( )
k

Sky Factorisation with Adaptive Constraining Templates (SkyFACT)

Storm, Weniger & Calore JCAP’17 [arXiv:1705.04065]



Reducmg the reS|duaIs

ReS1duals (4.57 - 228.65 GeV) Residuals (16. 85 - 228.65 GeV)
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The bulge emission morphology
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McC , ApJ’15
Fixed MSP-like spectrum "

Reconstructed morphology
~120 significance

v Strong degeneracy between Fermi bubbles and bulge emission (aka GeV
Eexcess)

v Residuals reduced significantly when (realistic) nuisance parameters are
iIncluded in the fit (SKYFACT).

v Once again, strong evidence for GeV excess (> 10¢ significance), although
more oblate morphology than previous studies.

Fermi bubble spectrum
Free morphology

Storm, Weniger & Calore JCAP’17 [arXiv:1705.04065]



Going beyond DM-motivated templates

103 5

: m—— Hinasto

] m—— NFW, v = 1.26
el U Nuclear Bulge

511 keV (Siegert+ 2015)
Boxy Bulge + Nuclear Bulge

1 _8 | "._ Template ID Reference
0 : l I 511 keV  BulgeGC Siegert et al. (2016)
0.0 2.9 5.0 7.5 Einasto Einasto Vincent et al. (2012)
Radius [deg] NFW NFW100, NFW126 Navarro et al. (1997)
Boxy Bulge RCG Cao et al. (2013)
Nuclear Bulge NB Launhardt et al. (2002)
X-shape X Ness & Lang (2016)
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Stellar distribution in the bulge
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Evidence for stellar bulge emission

Bartels,FC+ Nature Astronomy’18
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[See also Macias+ Nature Astronomy’ 18]
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Gamma-ray to stellar mass ratios

10% -
1 == 18x107 ergs™ M3'
] W Nuclear buige — v Gamma-ray luminosity shows correlation
J I Boxy bulge . . .
=i - with stellar mass in the Galactic bulge
~ 19"9 W Disk preditec il v If from MSP: bulge and disk component
o B . .
S e consistent with each other
g - . Bartels+ MNRAS’18; Eckner+ ApJ’18
£ 107 el - v Debate: In-situ formation of MSP (+
: e dynamical formation) or from disrupted
- -~ globular clusters
10° ¥ Bartels,FC+ Nature Astronomy’18 Fragione+1808.05497, MNRAS,le élgsci{?ga%ng;g
10° 10% 10

Stellar mass (M)

ZWWW-WWWWWWMM

=> Should exist a large population of faint gamma-ray emitters dominating to the
GeV excess signal



Detected vs unresolved point-like sources

Detected sources
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Detected vs unresolved point-like sources

Detected sources
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Unresolved pulsars and millisecond pulsars

Spectrum
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v Spectrum compatible with Fermi-LAT

observed millisecond pulsars (MSPs), |

and marginally young pulsars.
Abazaijan&Kaplinghat’12

Morphology

e oc 7L~/ Reut

I' =25 Rcut — Skpc

Proposed population of MSPs in the

bUIge (VS dlSk)- Hooper+PRD’14;
Petrovic+ JCAP’15; Yuang+ MNRAS’14;

Young pulsars from SF in the CMZ, but
difficult to explain spatial extent and
observed bright ones.

O’Leary+’15; Linden PRD’16
Bulge MSPs: from tidally disrupted
globular clusters.

Brandt&XKocsis Apd’15; Abbate et al. 2017;
Fragione et al. 2017; Arca-Sedda et al. 2017

Issues in luminosity function of
observed MSP and LMXB-to-MSP ratio

Cholis+’14; Hooper+'15; HooperéLinden
JCAP’16; Haggard+ JCAP’17; Ploeg+ JCAP’17



How to discriminate point sources from
diffuse emission?

dark matter onl point sources onl

Differences in the statistics of the photon counts can be
guantified and used for model comparison.

Caveat: Contamination from Galactic diffuse emission.
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Local maxima of normalised wavelet transform

Non-Poissonian template fitting

dN/dF [photons™ cm? s deg~?]

Data

Wconvolution

Kernel

No background modelling
Evidence for MSP-like population in the bulge
Constraints on luminosity function

Lee+ PRI’16
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The statistics of PS is non-
Poissonian

PS NPT NFW distribution
absorbs the most of the excess
A priori, it suffers more form
contamination of background
modelling

Caveat: Do we model the small scale gas correctly?



NPTF and mis-modelling
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Wavelets methods should be less affected by these issues: evidence for power @ small scales




How to test conclusively PS interpretation
of the GeV excess?




Multi-messenger tests of the GeV excess

nature

Testing a faint population of millisecond pulsars in the Galactic bulge

Bulge MSPs
Disk MSPs
Earth

iFC+Ap

]

16

4

v Current radio telescopes are simply not
sensitive to an MSPs population in the Galactic
bulge

Future radio telescopes can discover this
population with a few hundreds hours of
observations

MeerKAT mid-lat survey ~300h: ~30 bulge
MSPs => Enough to discriminate it from the
foreground MSP disk population




Multi-messenger tests of the GeV excess
nhature

Testing a faint population of millisecond pulsars in the Galactic bulge

FC+PRLA9  [— Giw | . . .
: -- 2G,10yr |l v Neutron stars high rotation velocities make
et any irregularity (ellipticity) in their shape a

guadrupolar source of GWs

3G, 10 yr
* GCE best-fit | |

1077 - -

v A population of MSPs in the bulge represents
the dominant contribution to the stochastic

Ellipticity,

10 | e GW background in the LIGO/Virgo sensitivity
; : ] : range
g (P o Neg e N2 | T ] . . . . .
L SNR=018 446} 35 (357) /7 v This search can provide crucial diagnostics
wep T ————————— for the GeV excess nature
10* 10° 10°

Ny

A
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Conclusions & Outlook

v Many questions have been answered thanks to the development of new
advanced statistical tools for data analysis

v Improved characterisation the GeV excess (spectrum and morphology) but
not conclusive determination of its origin

v The dark matter origin of the excess becomes less and less likely

- Degeneracy with Fermi bubbles hard emission, i.e. high-energy
tail?

- Contribution of molecular clouds in the CMZ?
- Connection with TeV diffuse emission from the GC?

- Connection with 511 keV positron annihilation line?

v However, the study of gamma rays from the inner Galaxy has the
potential to lead new insights on the population of high-energy compact
objects at the Galactic center, and on the formation of the bulge

Francesca Calore 22 CNRS, LAPTh



Galactic binaries: 511 keV line and GC
exce SS Bartels, FC+ MNRAS’18

Scenario:

- Population synthesis of ultra-compact X-ray binaries predicts about 2x105 NS-
UCXB in the bulge, which leads also to ~10°> MSPs van Haaften+ A&A'13.15

- NS-UCXB progenitors of “recycled” MSPs that explain the GeV excess
- NS(BH)-UCXB in hard state with low accretion rates are jet dominated

Deller+ ApdJd’15; Fender+MNRAS’03

- Positron from cold, mildly relativistic, leptonic jets
Guessoum+ A& A’06; Bandyopadhyay+ MNRAS’09; Siegert+ A&A’16

Bartels, FC+ MNRAS’18

— NS-UCXBs
—— BH-UCXBs
5 — Total

£ B observed

16+

10I28 10I30 1()'32 10I34 1636 1038

Lx,2-10kev |ergs™}]

Results:

v Can supply the required positron/
electron yield

v Can be tested with future
observations of Milky Way globular
clusters

23 CNRS, LAPTh



Known MSPs in the radio sky

10 1 l ]

About 370 MSPs in radio, P < 30
ms.

Most sources are local, within
3-4 kpc from Earth.

Among the sources in the GC
l.o.s (Ibl <10° & lll <100 ), only
a few in the inner 2 kpc.

Only 5 in the
_ _ _ iInner 2 kpc.

Fermi-LAT MSPs % Earth -+ Young pulsars more abundant.
ATNF field MSPs e  Bulge MSPs - Clear selection effects.

ATNF GC MSPs e Disk MSPs

—10 )i i L
—15 —10 -9 0 5
z [kpc]
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Modelling the bulge MSP population

. 70— S .
Assumptions:
MSPs responsible of the Fermi GeV 60 2 s .
excess (dominant part) — total 0 - i ]
intensity, spectrum and morphology. - g
- . < 40 : |
Bulge MSPs have similar properties to = 2
MSPs in globular clusters. £ 30 & -
The whole gamma-ray emission from 0L Cumulative E% |
globular clusters comes from MSPs. distribution of 64 :
. . .. 10 H i -
We are interested in average emission MSPs in globular
: clusters ,
properties. 0 S S L
10~ 1071 10°
S1400 [mJy]
Luminosity function (u, o) Nstacked [ ystacked(g ~ 8 5kpc)
Model 1 (—1.1, 0.9) 514 + 71 74+ 10
Model 2 (—0.61, 0.65) 339 + 49 80 + 12
Model 3 (—0.52, 0.68) 264 + 37 76 + 11
Nbulee — (2.7 40.9) x 103 NPuee _ (9.243.1) x 10
rb * * ‘ rad — . .
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Modelling the bulge MSP population

10
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+  ATNEF field MSPs
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0 )

- O(10000) MSPs in the bulge, such to account for gamma-ray observations.
€ X T_Fe_r/RC“t '=25 Rt = 3kpc

- O(20000) MSPs in the disc, radio luminosity of observed local radio sources.



Sensitivity of radio telescopes

1/2
Su,rms = G \/t::’SAV n, ( P Ij/(;;fs()bs> Wobs = \/ (’wintP )2 + 7'[2)M + Tszcatt + Tszamp + T iDM
o[ ¢ AlbugeMsPs - SKAmid _:
= < GBT - SKA-mid, 2° x 2° ]
- Mid-latitude past surveys ( Ibl > - * MeerKAT HTRU Mid
50) not optimal for MSPs 107
searches at the GC (too shallow, 5 f
ca 200 sec). g 0}
- 3 observational scenarios: GBT, 2
MeerKAT, SKA1-mid (T =20 min, £ 0"}
1.4 GHz). 8

- Already with current instruments it 107
is possible to achieve good ﬁ
sensitivities. 107

Period, P [ms]



Detection prospects with radio surveys

SKA1-mid @ 1.4 GHz (Tadegz = 3.5 hr)
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v Deep (100 hrs) surveys of deg? regions in the inner Galaxy with O(100)
detections.

v Most promising strategy for future radio telescopes, like MeerKAT and SKA.

v Not feasible with GBT or VLA.
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GW from MSPs (and pulsar)

- Quadrupolar emission of GW from a triaxial, non precessing, rapidly
rotating star (period P)

204870 G [%&?
f=2/ W - o
l..—1
c = TX Yy ~ Q |€] < 1
I, I, =~ Iyy ~ ], =1

- Ellipticity: Asymmetry can originate from elastic strains in the crust
or strong internal, toroidal B fields. Not universal value.

o o ( By, \°[/ 0389
e ~4.5x 10 | —
104G/ \ A

- Other mechanisms can induce GW, e.g. instability in the r-modes of
the rotating star [not considered here]
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Under the hypothesis that the GCE is due to MSPs,
what is the expected signal in GWs?




Current bounds on ellipticity
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The Stochastic GW bkg

- Arises mostly from the superposition of GWs from a large number of unresolved sources:
unresolved compact binary coalescences, rotating neutron stars, supernovae, etc.

- Dominated by compact binary coalescences.

- Current searches and sensitivities to the SGWB (isotropic and directional, O1 run) sets
upper limits on the energy density of the SGWB assuming a specific frequency spectrum.

6

10 g ; i s IZIFIat, Mean |
: . ’ : L Flat, Poisson | .
Ll S L A T Power, Mean | Galactic Pulsars/MSPs can
W === e contribute to the SGWB
: Deaigf},i"' / | o
10° 3 o

We expect the MSP population in the
Galactic bulge to be the strongest
Galactic SGWB component in the LIGO/
Virgo sensitivity band.

10 10° 10
Frequency (Hz)
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SWGB from MSPs in the bulge

- Modelling of the MSP population in the Galactic bulge based on gamma-ray results
from analyses of the MSP source population and GeV excess

- Spatial distribution matches the spatial properties of the GeV excess
- Total number of sources is set by the GCE intensity and the MSP luminosity function.

- Hypothesis: 1. GCE emission all due to bulge MSPs; 2. gamma-ray luminosity function
of bulge MSPs is the same as the one of disk MSPs

10° |-

Ny

10* |

Disk
= Total
— - Angular res.

|
!

!

!

|

!

I N

; = = Bulge
!

!

!

|

| | I I I I I 103 b | | |
—10 —8 —6 —4 —2 0 2 4 10 20 30 40 50
z [kpc] Cone semi-aperture angle, 6 [°]

Bulge MSPs dominate over disk MSPs => Leading contribution to the Galactic SGWB
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SWGB from MSPs in the bulge (con’t)

GW power spectral density

327T4G2 2 72 pd NH(S)
Ho(f) = 2P re) [ s
C l.os. 9
=== Lorimer et al. 2015

! - = Patruno et al. 2017 |
- H(f) N,g° ) o ./\/9(8)
L N, =10%e=10" ! No = GC 2 ds
! 3 l.o.s. S

| 3G 20-80% SNR,
- 2G 20-80% SNR,

—_
o
w

010 "10°
Frequency, f [Hz] 34 CNRS, LAPTh



Detectability with radiometer search

- Search relies on excess coherence in the cross-correlated data streams from multiple
detectors

- Method: GW radiometer — by applying appropriate time-varying delays between
detectors it is possible to follow a specific direction, directional sensitivity (direction of GC)

107°

m—— 2G, 1 yr
N , T I - = 2G, 10 yr
0 € i 3G, 1 vyr
SNR ~ 0.18 {46 —( ) W — Ly
{ } 104 \10—7 lyr | = : 3G, 10 yr
10-7 L T - GCE best-fit _

2G: two LIGO detectors at Hanford and
Livingston and Virgo at design sensitivity

Ellipticity, €

3G: two Cosmic Explorer detectors at the
actual LIGO sites and one Einstein
Telescope at the actual Virgo site
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<
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T
7

1077 | 1 : :

104 10° 106
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Perspectives

- If the ellipticity comparable to current bounds from spin-down => We expect a GW discovery in 3G
detectors

- Interplay with targeted studies towards nearby MSPs (such as PSR J1643-1224 and PSR J0711-
6830):

* At least a few detection expected already in 2G => good perspectives that the 3G may detect the
unresolved bulge contribution as well.

* |If the latter is not detected this will challenge the MSPs interpretation of the GeV excess

* If no GW detection of single nearby MSP will be announced in the 2G run => no detection of the
bulge population will take place at 3G either

* A detection of the SGWB signal would profoundly shake the foundation of the current MSP
interpretation of the GCE (young pulsars? Other compact objects?)

102 1770 2xalIGO & AdV

1 2xaLlIGO & AdV & LIGO India & KAGRA

Woan+ ApJL'18 This search can provide crucial
diagnostics for the GeV excess
nature
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General: Fit to gamma-ray data

Model = Z Spectrum x Morphology
k

11 Dat [ 108

1074k [--] Bubbles PSCs y
,r - [--] GCE [--] #%+Bremss ;
b [ [--] Isotropic ] . k (k) o (]{;) k
) e ' ¢pb — ZT;S )Ub Cbpb — Z Sb 7}5 )
T 107 F T k k
8 i - :
> ]
) | kimodel component  k: model component
3 | p: spatial pixel p: spatial pixel
f@ | b:energy bin b: energy bin “
S
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Spectral decomposition

- GDE phenomenologically constructed |
2-component model: bubble-like & ‘“’""-
cloud-like (90% emission).

- Faint point-sources accounted for.

,
0
‘ \i -v

Pixel-wise maximum likelihood decomposition === ei,k

v Uniform and extended i pixel
spectrum. v Spherically symmetric about
v Compatible with previous the Galactic centre.
results.

*

] 250
| 200
*

150
107 f {1 F 1 1100

:ﬂ
‘é 450
e 2 - .
5 10 1o ~Z
d =
1-50

07 F 1t 1
-100
-150
10 3
_ | . .
200 0.3 0.3

2 .

m,, (GeV) m,,, (GeV)

Francesca Calore 38 LAPTh - CNRS



SkyFACT

Model = Z Spectrum x Morphology

“/ \

Uncertain spectral Pixel-by-pixel correlated
modelling uncertainties
_ k). -(k (k) (k) (k
Cbpb — ZTZS )ng ). Sb Oy V( ) Penalized maximum
k likelihood regression with

InL=InLp+InLlgN\N, N nn) regularisation conditions

- Additional nuisance degrees of freedom in spatial/spectral templates
- Penalisation terms as priors on nuisance parameters
- Errors estimated by sampling from the inverse of Fisher information matrix of the best fit po
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Reducmg the reS|duaIs

ReS1duals (4.57 - 228.65 GeV) Residuals (16. 85 - 228.65 GeV)
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Degrees of freedom

Naively:
Naata = Npix X Nepin = 360 x 81 x 25 = 7290000

Nparam
NDOF — Nebin X Npix — Nparam

But:
No Gaussian regime, degeneracies in model parameters, and penalisation

constraints

What is the real number of effective free model parameters?

?’qg alve model parameters, Nparam 107639

NDOF (—2InLp)mock Naive DOF 621361
Eff. model parameters, N¢&T 12800

N — _2 ln L 9 p param
data = ¢ p( )>D(6) Eff. data bins, NS 619000
Eff. DOF, k 606200
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Possible interpretations

Truly diffuse processes

Unresolved point sources

(a) Spectrum & Morphology of the excess?
(b) Emission in other wavelengths?
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Dark matter annihilation

Spectrum Morphology
AN (ov); ANJ . For EAGLE simulation: typically
dE ~ £=8rm3 dE Jios dsp*(r(s;%)) | shallower profiles for Milky Way

analogues, under conservative

Calore+ PRD'LE assumptions on resolution.
1072 == =

— qq - ZZ . )!f ), «10-5 Calore+ JCAP’15
— l_)b Bt~ ’7 z . g 1.0 a |
- - 99 g 0.8 ]
2 = 06 i
i 10-26 | 1 = 04 .
3 I ] g 0.2 } |
~ : 00 I
\g/ i L T %’L“g 0.2 i
| 7 : a) Ll
- O/I &
| N7
A =[0.17,5.3]
10—27 | A ; P ;
10* 10?
My [GeV] + non-sphericity of the high-E excess?

Agrawal+JCAP’15; Achterberg+JCAP’15; Linden+'16

Bertone, FC+ JCAP’15;

, + disk component?
Liem, FC+ JCAP’16; etc.

Huang+JCAP’16, de Boer+’'16




Inverse Compton scattering from GC CRs

Additional population of leptonic cosmic rays required
at the Galactic centre:
a. Steady-state source term (from star forming CMZ2)

b. Time-dependent source term (from outburst event)

Luminosity from SNe in the CMZ (with ~5% SF) enough to sustain
energetics of Fermi GeV excess, ~3x1037 erg/s.

Updated SN models for CR injection at the GC, accounting for
enhaced SFR at the GC traced by H2 regions, 5-10% of total SFR.

% [7i D050 | T3 Mok 1| Fd=00

- Better fit to the data and 1070 ;. e m 22%%
reduced intensity of the excess 3 S A AN A H o moon
but some over-subtraction at low ° \V/ \ 32 NN
energies => Role of advective 5 V7NN
winds. Y go-7 Lo NN
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Inverse Compton scattering from GC CRs

Additional population of leptonic cosmic rays required
at the Galactic centre:
a. Steady-state source term (from star forming CMZ2)

b. Time-dependent source term (from outburst event)

Injection of high-energy CR in the past, at the GC (central black hole

or starburst activity) — Tuning of burst(s) parameters.
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