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The	Galac=c	centre	GeV	excess	
(at	the	Galac/c	centre)
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Francesca Calore 

Some	open	ques=ons	and	challenges

✓ What	is	the	role	of	non-standard	cosmic-ray	source	distribu/ons	and	
cosmic-ray	propaga/on?	

✓ Can	we	find	a	large	popula/on	of	dim	sources	that	would	be	associated	
with	the	bulge	in	other	wavelengths?	

✓ Is	the	spectrum	of	the	GeV	excess	truly	uniform	up	to	10	degrees	above	
and	below	the	Galac/c	disc?		

✓ How	much	is	the	GeV	excess	component	degenerate	with	the	Fermi	
bubbles?

Calore+ ApJ’16

Ackermann+ ApJ’17

Ackermann+ ApJ’17

LAPTh - CNRS

Linden+ PRD’16
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FiHng	the	gamma-ray	sky

Francesca Calore LAPTh - CNRS

Gas	tracers

Inverse	Compton
�-ray

⇡
0 ! ��

ISM

+	3FGL	point	sources
5



Francesca Calore LAPTh - CNRS

Gas	tracers

Inverse	Compton

Large	residuals	(~30%)	remain	in	the	sky	with	this	simple	model,	but	clear	
structures	emerge	(extended	sources,	Fermi	bubbles)

FiHng	the	gamma-ray	sky
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A	way	forward

Francesca Calore 

Imperfect	modelling	might	lead	to	severely	
biased	es=mators,	above	all	for	extended	

emission	features.

LAPTh - CNRS

Intrinsic	uncertain/es	in	spectral/spa/al	predic/ons	must	be	fully	taken	into	
account	by	a	very	large	number	of	nuisance	parameters.

Penalised	Poisson	likelihood	with	
regularisa/on	condi/ons:	Sky	Factorisa/on	
with	Adap/ve	Constraining	Templates	

(SkyFACT)

Collabora/on	with	Emma	Storm	and	Christoph	Weniger	(GRAPPA,	University	of	Amsterdam)

Inspired	by	PET

Storm, Weniger & Calore JCAP’17 [arXiv:1705.04065]
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General:	Fit	to	gamma-ray	data

LAPTh - CNRS8
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General:	Fit	to	gamma-ray	data

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

LAPTh - CNRS

�pb =
X

k

T (k)
p �(k)

b

k:	model	component	
p:	spa/al	pixel	
b:	energy	bin
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Francesca Calore 

General:	Fit	to	gamma-ray	data

Hooper+ PDU’13; Huang+ JCAP’13; Daylan+ ’14;  
Calore+ JCAP’15; Ajello+ ApJ’15; Gaggero+ JCAP’15 Selig+ A&A’14; Huang+ JCAP’16; de Boer+’16

LAPTh - CNRS

�pb =
X

k

T (k)
p �(k)

b �pb =
X

k

S(k)
b ⌧ (k)p

k:	model	component	
p:	spa/al	pixel	
b:	energy	bin

k:	model	component	
p:	spa/al	pixel	
b:	energy	bin
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Francesca Calore 

Penalized	Poisson	likelihood	
with	regularisa/on	

condi/ons

LAPTh - CNRS

➡Facilitate	component	separa/on	in	scenarios	where	only	par/al	knowledge	about	the	
spa/o/spectral	characteris/cs	of	the	components	is	available.	

➡ Introduce	a	sufficient	number	of	nuisance	parameters	in	the	analysis	such	that	we	can	
obtain	formally	good	fits	and	perform	model	comparison.

SkyFACT

Pixel-by-pixel	correlated	
uncertain/es

Uncertain	spectral	
modelling

lnL = lnLP + lnLR(�,�
0,�00, ⌘, ⌘0)

�pb =
X

k

T (k)
p ⌧ (k)p · S(k)

b �(k)
b · ⌫(k)
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Modelling	the	Galac=c	diffuse	emission

Francesca Calore LAPTh - CNRS

Gas	tracers

Data	selec=on:	7.6	years	of	
Fermi-LAT	Pass	8	data	from	
2008	August	4	and	2016	

March	3	

Gas	templates:	Sum	of	gas	column	densi/es	for	atomic	and	molecular	hydrogen	(from	GALPROP	public	release);	No	
dark	gas	correc/on	(=>	will	show	up	in	modula/on	parameters);	Radial	binning	(0–3.5	kpc,	3.5–6.5	kpc,	and	6.5–19	
kpc)	
Inverse	Compton:	standard	modelling	(ISRF	from	public	GALPROP,	propaga/on	with	DRAGON)	
Input	spectra	from	Ackermann+2012 
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A	“minimal	model”	for	the	Galac=c	emission

Francesca Calore LAPTh - CNRS

Run 1:		gas/ICS/3FGL	spectra	
constrained	(~20-25%);	30%	

residuals	remain

*IGRB	spectral	uncertain/es	(~25%)

Run 2:		spa/al	modula/on	
(33%	for	gas;	100%	for	ICS)	and	
smoothing	(20%	for	gas;	10%	for	
ICS);	<	10%	residuals	remain

Run 3:		radial	binning	of	gas	
templates;	further	reduc/on	of	

residuals	along	the	disk
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A	“minimal	model”	for	the	Galac=c	emission

Francesca Calore LAPTh - CNRS

Addi/onal	components	appear	in	spa/al	modula/on	parameters

Dark	gas

Fermi	bubbles
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Francesca Calore 

Extrac=ng	the	bulge	emission

✓ Strong	degeneracy	between	Fermi	bubbles	and	bulge	emission	(aka	GeV	excess)			
✓ Once	again,	strong	evidence	for	GeV	excess	(12𝝈	significance),	although	more	oblate	
morphology	than	previous	studies	

✓ Robust	characterisa/on	of	the	GeV	excess	allows	to	discriminate	among	models	for	the	
bulge	emission	and	supports	its	stellar	origin

80%	of	bulge	
	emission	

Fermi	bubble	spectrum	
Free	morphology	

Free	spectrum	
Gaussian	morphology	
~12𝝈	significance

0.96	-	12.98	GeV

LAPTh - CNRS

See R. Bartels’s talk on Monday

Run 4-5

Run 5
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Bartels, Storm, Weniger & Calore, In preparation



Francesca Calore 

Some	future	direc=ons	and	applica=ons

✓ Full	parameters	scan	over	GALPROP/DRAGON	predic/ons	for	CR	
diffusion	and	gamma-ray	emission.	

✓ Inves/ga/on	of	CR	gradient,	hardening	of	the	proton	spectrum	towards	
GC	and	substructures	in	3D	inverse	Compton	emission.	

✓ Observability	of	spiral	arms	structures	in	gamma-ray	emission?	

✓ Characterisa/on	of	Fermi	bubbles	at	low	la/tudes	and	of	possible	
degeneracies	with	the	GeV	excess.

LAPTh - CNRS14
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Some	future	direc=ons	and	applica=ons

✓ Full	parameters	scan	over	GALPROP/DRAGON	predic/ons	for	CR	
diffusion	and	gamma-ray	emission.	

✓ Inves/ga/on	of	CR	gradient,	hardening	of	the	proton	spectrum	towards	
GC	and	substructures	in	3D	inverse	Compton	emission.	

✓ Observability	of	spiral	arms	structures	in	gamma-ray	emission?	

✓ Characterisa/on	of	Fermi	bubbles	at	low	la/tudes	and	of	possible	
degeneracies	with	the	GeV	excess.

Thanks	for	your	aUen=on

LAPTh - CNRS14
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Diffuse	components Point	sources

The	likelihood
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The	regularisa/on	

Francesca Calore 

Spa/al	smoothing	(gradient)		

Spectral	smoothing	(II	deriv.)		

- parameter	op/misa/on	with	L-BFGS-B		
- converge	criterium	similar	to	Minuit		
- error	es/mate	by	sampling	from	inverse	Fisher	matrix	at	besmit	point	
- object	func/on	is	convex	as	long	as	model	components	non-degenerate	

(modulo	smoothing)



Towards	a	minimal	model

Francesca Calore 
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Reducing	the	residuals	
Run 1

Run 5

Run 1 Run 5
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Spectral	results

Run 1 Run 5



N
data

= N
pix

⇥N
ebin

= 360⇥ 81⇥ 25 = 7290000

Naively:	

But:		
No	Gaussian	regime,	degeneracies	in	model	parameters,	and	penalisa/on	constraints	

What	is	the	real	number	of	effec/ve	free	model	parameters?	

Nparam

NDOF = Nebin ⇥Npix �Nparam

N e↵
DOF ⇠ h�2 lnLP imock

Francesca Calore 

Degrees	of	freedom

Run 5


