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The	Fermi-LAT	gamma-ray	sky

4 LAPTh, Annecy-le-Vieux
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Astrophysical	components

Galactic diffuse emission

5 LAPTh, Annecy-le-Vieux
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Detected sources
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Astrophysical	components
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Detected sources
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Astrophysical	components

LAPTh, Annecy-le-Vieux

Fermi bubbles

Su+ ApJ’10; 
 Fermi-LAT Coll. ApJ’14



Targets	for	dark	ma>er	searches

Francesca Calore 

Galac/c	Center	
• high	sta1s1cs	
• brightest	dark	ma6er	source	
but	uncertain	distribu1on	

• large	background

Galac/c	Halo	at	High	La/tude		
• good	sta1s1cs	
• (extra)galac1c	backgrounds	
• spectral	and	anisotropy	measurements

Dwarf	Spheroidal	Galaxies	
• dark	ma6er	dominated	nearby	objects	
• almost	background-free

Galaxy	Clusters	
• dark	ma6er	substructures		
• cosmic-ray	induced	background

Dark	Halos	
• pure	dark	ma6er	objects	
• unassociated	gamma-ray	sources

DM

DM
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�

/
Z

l.o.s.
⇢2
DM

ds
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+	dedicated	searches	for	gamma-ray	lines	

LAPTh, Annecy-le-Vieux

M. Fornasa, M. Sanchez-Conde talks
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The	Galac/c	centre	GeV	excess
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3º

LAPTh, Annecy-le-Vieux

The	Galac/c	centre	GeV	excess
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The	Galac/c	centre	GeV	excess	
(at	the	Galac1c	centre)

Daylan+ ‘14

Hooper&Goodenough ’09; Vitale&Morselli ’09;  
Hooper&Linden PRD’11;   

Hooper&Goodenough PLB’11;  
Boyarsky+ PLB’11;  

Abazajian&Kaplinghat PRD’12;  
Macias&Gordon PRD’14; 

Abazajian+ PRD’14; Daylan+ ’14; 
Huang+ ’15; Carlson+ ’15; Ajello+15;   

Casandjian Fermi Symp.’14;  
de Boer+’16; etc.
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Residual	Model	(x3)Total	Flux

LAPTh, Annecy-le-Vieux

The	Galac/c	centre	GeV	excess
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The	Galac/c	centre	GeV	excess	
(in	the	inner	Galaxy)

Hooper&Goodenough ’09; Vitale&Morselli ’09;  
Hooper&Linden PRD’11;   

Hooper&Goodenough PLB’11;  
Boyarsky+ PLB’11;  

Abazajian&Kaplinghat PRD’12;  
Macias&Gordon PRD’14; 

Abazajian+ PRD’14; Daylan+ ’14; 
Huang+ ’15; Carlson+ ’15; Ajello+15;   

Casandjian Fermi Symp.’14;  
de Boer+’16; etc.

20º

LAPTh, Annecy-le-Vieux

The	Galac/c	centre	GeV	excess
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Calore+ JCAP’15
 Hooper&Slatyer PDU’13; Huang+ JCAP’13; 

Zhou+ PRD’15; Daylan+ ’14; Calore+ JCAP’15; 
Gaggero+ 2015; Ajello+ 2015; Huang+ ’15 

Linden+’16; Horiuchi+’16; etc.

9

The	Galac/c	centre	GeV	excess	
(in	the	inner	Galaxy)

Hooper&Goodenough ’09; Vitale&Morselli ’09;  
Hooper&Linden PRD’11;   

Hooper&Goodenough PLB’11;  
Boyarsky+ PLB’11;  

Abazajian&Kaplinghat PRD’12;  
Macias&Gordon PRD’14; 

Abazajian+ PRD’14; Daylan+ ’14; 
Huang+ ’15; Carlson+ ’15; Ajello+15;   

Casandjian Fermi Symp.’14;  
de Boer+’16; etc.

20º

LAPTh, Annecy-le-Vieux

The	Galac/c	centre	GeV	excess
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The	Galac/c	centre	GeV	excess

Calore+ JCAP’15
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The	Galac/c	centre	GeV	excess	
(in	the	inner	Galaxy)

20º

20º

1.Uniform	spectrum	peaked	at	~2	GeV 2.Extended	at	least	up	to	10	degrees

LAPTh, Annecy-le-Vieux
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Possible	interpreta/ons
Unresolved	sources Truly	diffuse	processes

✓ Spectrum	compa1ble	with	Fermi-LAT	
observed	millisecond	pulsars	(MSPs),	
and	marginally	young	pulsars.	

✓ Plausible	popula1on	of	young	pulsars	
in	the	CMZ	and/or	bulge	MSPs	from	
1dally	disrupted	globular	clusters.	

✓ Strong	support	for	popula1on	of	
discrete	faint	sources	from	wavelet	
decomposi1on	and	non-poissonian	
noise.		

✓ Future	dedicated	radio	observa1ons	
can	allow	us	to	discover	the	bulge	
point	source	popula/on.

O’Leary+ ’15; Brandt&Kocsis’15

Bartels+PRL’16; Lee+PRL’16

Calore+ApJ’16

✓ Steady-state	star	forma1on	at	the	
Galac1c	centre	and	con1nuous	
injec1on	of	cosmic	rays.	

✓ Past	ac1vity	of	the	central	black	hole	
and	series	of	leptonic	outbursts	—	
some	fine	tuning	required.	

✓ Annihila1on	of	DM	par1cles	in	the	
halo	of	the	Milky	Way.

Gaggero+ JCAP’15; Carlson+’15

Petrovic+ JCAP’14; Cholis+JCAP’15

> O(100) papers

LAPTh, Annecy-le-Vieux
Angular distance from Galactic centre [

�
]

G
a
m
m
a
-
r
a
y
F
l
u
x
[
1
/c
m

2
s
r
s
G
e
V
]

0 5 10 15 20
Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

⇢DM(r) / r�� , � = 1.26

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

J( ) /
Z

l.o.s
⇢2
DM

(r(s, ))ds

0 5 10 15 20
Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

⇢DM(r) / r�� , � = 1.26

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

0 5 10 15 20

Galactic latitude |b| [deg], at ` = 0�

10�7

10�6

10�5

10�4

d
N

/d
E

[1
/c

m
2
sr

s
G

eV
]

GeV excess emission
at E = 2 GeV

Hooper&Goodenough 2010

Boyarsky+ 2010

Hooper&Slatyer 2013

Gordon+ 2013

Abazajian+ 2014

Daylan+ 2014

Calore+ 2014

Fermi coll. (preliminary)

contracted NFW � = 1.26

Fermi Bubbles (extrapolated)

HI + H2 (at z < 0.2 kpc)

Calore+PRD’15

11



Dark	ma>er	annihila/on

Francesca Calore 

Calore+ PRD’15

Agrawal+JCAP’15; Achterberg
+JCAP’15; Bertone+ JCAP’15;  

Liem+ JCAP’16; etc.

A = [0.17, 5.3]

LAPTh, Annecy-le-Vieux12

Spectrum Morphology
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For	EAGLE	simula1on:	typically	shallower	
profiles	for	Milky	Way	analogues,	under	
conserva1ve	assump1ons	on	resolu1on.

N. Bozorgnia’s talk

+	non-sphericity	of	the	high-E	excess?			

+	disk	component?	
Linden+’16

Huang+JCAP’16, de Boer+’16 
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Diffuse	emission	and	residuals

13

Calore+ JCAP’15 Ajello+ ApJ’15 Acero+ ApJS’16

• None	of	the	diffuse	emission	models	gives	reasonable	fit	to	the	data.	
• Models	excluded	by	many	sigmas	when	performing	goodness	of	fit.	
• There	are	other	excesses	along	the	disk	that	are	not	understood,	but	that	can	be	
explained	by	background	modelling	uncertain1es!

LAPTh, Annecy-le-Vieux
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Diffuse	emission	and	residuals

13

Calore+ JCAP’15 Ajello+ ApJ’15 Acero+ ApJS’16

• None	of	the	diffuse	emission	models	gives	reasonable	fit	to	the	data.	
• Models	excluded	by	many	sigmas	when	performing	goodness	of	fit.	
• There	are	other	excesses	along	the	disk	that	are	not	understood,	but	that	can	be	
explained	by	background	modelling	uncertain1es!

How	can	we	trust	the	characterisa/on	of		
large	scale	residual	emissions?

LAPTh, Annecy-le-Vieux



First,	we	need	to	achieve	good	fits

Francesca Calore 14

Among	the	tested	models,	even	the	
best-fit	one	leaves	large	residuals.	

Bracke1ng	uncertain1es	with	models	
that	are	largely	excluded	leads	to	
biased	results.

LAPTh, Annecy-le-Vieux



First,	we	need	to	achieve	good	fits

Francesca Calore 14

Among	the	tested	models,	even	the	
best-fit	one	leaves	large	residuals.	

Bracke1ng	uncertain1es	with	models	
that	are	largely	excluded	leads	to	
biased	results.

HOW	TO	PROGRESS?
• Be6er	theore1cal	predic1ons,	e.g.	3D	ISRF,	gas	maps,	etc.	
• A	way	to	fit	the	data	taking	into	account	uncertain1es	on	those	
predic1ons.	

➡ Those	uncertain1es	are	there,	we	need	to	parameterise	them!	
➡ We	need	to	increase	the	number	of	free	parameters!

LAPTh, Annecy-le-Vieux
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General:	Fit	to	gamma-ray	data

15 LAPTh, Annecy-le-Vieux
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General:	Fit	to	gamma-ray	data

15 LAPTh, Annecy-le-Vieux

Hooper+ PDU’13; Huang+ JCAP’13; Daylan+ ’14;  
Calore+ JCAP’15; Ajello+ ApJ’15; Gaggero+ JCAP’15
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General:	Fit	to	gamma-ray	data

15 LAPTh, Annecy-le-Vieux

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
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A	new	approach

16 LAPTh, Annecy-le-Vieux

Spectra	parameterisa1on	
from	physical	models	is	

uncertain

Pixel-by-pixel	varia1ons.	
To	account	for	them	a	large	
number	of	addi/onal	free	
parameters	is	required!

Adap/ve	template	fiUng:	SkyFACT	
(Sky	Factorisa/on	with	adap/ve	constraining	templates)

Collabora1on	with	Emma	Storm	and	Christoph	Weniger	(GRAPPA,	University	of	Amsterdam)

Likelihood	fit	
O(105)	free	parameters
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Unveiling	the	Bulge	emission

17

• Pass8	ULTRACLEAN	
• ca.	8	yr	data	
• 180x40	deg2	
• 0.3	—	200	GeV	
• 0.5	deg	resolu1on

DATA

MODEL	COMPONENTS

All	3FGL	sources	spectra	from	catalog	&	free	
normalisa/on

!0	(2	gas	rings)	and	ICS	(Dragon)		
free	spectra	&	templates

Isotropic	emission		
fixed	spectrum	&	template	

+

+
−50050

Gal. lon [deg]

−20
−15
−10
−5
0
5

10
15
20

G
al
.
la
t
[d
eg
]

ICS

−10.25

−10.00

−9.75

−9.50

−9.25

−9.00

−8.75

−8.50

−8.25

−8.00−50050

Gal. lon [deg]

−20
−15
−10
−5
0
5

10
15
20

G
al
.
la
t
[d
eg
]

pi0

−10.25

−10.00

−9.75

−9.50

−9.25

−9.00

−8.75

−8.50

−8.25

−8.00

LAPTh, Annecy-le-Vieux

Ackermann+ApJ’15
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Bulge	emission	components

18

We	put	in		
fixed	spectra	and	

isotropic	free	templates…

80%	of	the	total	
bulge	emission

…and	we	get	out	
these	morphologies!	

LAPTh, Annecy-le-Vieux

Ackermann+ApJ’15

Cholis+’14

Spectrum	as	in	

Spectrum	as	in	

Preliminary
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Francesca Calore 

The	511	keV	line	emission

Intensity:	Total	Galac1c	line	intensity		~	2.8	x	10-3	ph/cm2/s	

Morphology:	2D	Gaussians	for	disk,	bulge	(N	and	B),	GC	source.	B/D	~	0.6		
Spectroscopy:	Line-to-con1nuum	ra1o	constrains	the	medium.		

Interpreta1on:	radioac1ve	decay	of	unstable	nuclei,	micro	quasars,	dark	
ma6er,	etc.

Purcell+’93,’97; Knödlseder+’03,’05; Siegert+16

e.g. Martin+’12; Guessoum=‘06; Boehm+’04; etc

 Siegert+16

19
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Francesca Calore 

A	correla/on	with	the	511	keV	line?
Bartels, Storm, Weniger & Calore, In preparation

GC	+	narrow	bulge	+	broad	bulge		
best-fit	model

Siegert+A&A’15

LAPTh, Annecy-le-Vieux
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A	correla/on	with	the	511	keV	line	

LAPTh, Annecy-le-Vieux

Almost	linear	
correla1on

No	correla1on

FGeV	[GeV/cm2/s/sr]	=	1.24	x	10-03	F511	[ph/cm2/s/sr]

Prelim
inary

21
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Challenges	and	open	ques/ons

• The	511	keV	line	is	seen	in	the	disk	as	well.	Is	there	a	GeV	excess	
emission	along	the	disk?	Is	this	consistent	with	the	511	keV	line	B/D	
ra1o?	

• What	is	the	spa1al	extent	of	the	correla1on	and	what	is	the	common	
radial	profile?	

• How	likely	is	that	a	random	dark	ma6er	profile	would	just	look	like	that?	

• What	are	possible	astrophysical	scenarios	that	can	lead	to	a	correlated	
emission?		

• What	is	the	effect	of	the	bubbles,	if	any?	

Correla1on	does	not	imply	causa1on.	
It	is	nevertheless	sugges1ve	of	a	common	origin	of	the	two	anomalies	

and	quan1fies	it	for	the	very	first	1me.

22
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LAPTh, Annecy-le-Vieux
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Backup	slides

LAPTh, Annecy-le-Vieux



The Fermi-LAT Collaboration analysis
Ajello+ ’15

no	NFW	template

• 15o	x	15o	ROI;	tuning	of	GDE	outside			
—>	specialised	interstellar	emission	
models.	

• Wavelet	transform	for	source	
iden1fica1on	(1FIG	catalog).	

✓ IC	emission	in	inner	1	kpc	enhanced	
w.r.to	baseline	predic1on	(20%	of	
the	total	GDE	emission).	

✓ Posi1ve	residuals	are	lep	and	can	be	
par1ally	absorbed	by	an	addi/onal	
centrally	peaked	spa/al	template.	

✓ Not	all	posi/ve	residuals	are	
accounted	for	by	such	a	model.	

NFW	template



An	alterna/ve	method:	the	D3PO	algorithm
• GDE	phenomenologically	constructed	2-
component	model:	bubble-like	&	cloud-
like	(90%	emission).	

• Faint	point-sources	accounted	for. Selig+ A&A’14

Pixel-wise	maximum	likelihood	decomposi1on	 ✓i,k
ith	pixel

✓ Uniform	and	extended	spectrum.	
✓ Compa1ble	with	previous	results.

Huang+ ’15

✓ Spherically	symmetric	about	the	
Galac1c	centre.

Huang+ ’15

Calore+ JCAP’15

…	but	also	the	disk	prefers	a	DM-like	spectral	component!



pMSSM	solu/ons	to	the	GeV	excess

Bertone+ JCAP’16

Solu1ons:	
1) 80-100	GeV,	95%	WW,	bino	(90%)	-	higgsino/wino	(10%)	or	higgsino	dominant	(Planck)	
2) 180-200	GeV,	87%	6,	bino	(90%)	-	higgsino	(10%),	through	heavy	stops	(1	TeV)	

Most	sensi1ve	searches	for	LHC	run	II:	(1)	light	squarks	(<	2	TeV	70%	points)	and	smuons	(<	400	GeV	
60%	points);	(2)	heavy	Higgs	decay	searches;	(3)	chargino/neutralino	(compressed)



The	model



The	likelihood

No	overfiung:		

	

Ndata	=	Npixels	x	Nen	x	Ncomp	

Nparams	=	Ncomp	x	(Npixels	+	Nen)



Towards	Poissonian	residuals

Standard	template	fiUng:
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Adap/ve	template	fiUng:



Rescaling	parameters

What	is	the	physical	meaning	of	the	rescaling	parameters?	
• Uncertain1es	in	gas	tracers,	CR	density,	etc.	(NO	overfiung!)	
• Large-scale	addi1onal	components:	Fermi	bubbles	and	bulge	
emission.
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