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•  High	energy	cosmic	par0cles	con0nuously	arriving	on	Earth,	discovered	by	V.	Hess	in	1912	
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γ≈2.7	

γ≈3.0	

CR	knee	

CR	ankle	

•  High	energy	cosmic	par0cles	con0nuously	arriving	on	Earth,	discovered	by	V.	Hess	in	1912	
•  89%	protons,	9%	helium,	1%	electrons	and	extremely	isotopic	up	to	very	high	energies	
•  the	spectrum	is	(ALMOST)	a	single	power	law	->	CR	knee	at	few	PeVs	+	ankle	at	10	EeV		
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•  High	energy	cosmic	par0cles	con0nuously	arriving	on	Earth,	discovered	by	V.	Hess	in	1912	
•  89%	protons,	9%	helium,	1%	electrons	and	extremely	isotopic	up	to	very	high	energies	
•  the	spectrum	is	(ALMOST)	a	single	power	law	->	CR	knee	at	few	PeVs	+	ankle	at	10	EeV		
•  Supernova	remnants	can	sustain	CRs	up	to	hundreds	of	TeV	and	extragalac)c	sources	are	

responsible	for	the	Ultra	High	Energy	Cosmic-rays		

Extragalac)c	

Galac)c	SNRs	
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Extragalac)c	

Another	galac)c	source	
or	popula)on	of	
sources	->	Pevatrons!	

•  High	energy	cosmic	par0cles	con0nuously	arriving	on	Earth,	discovered	by	V.	Hess	in	1912	
•  89%	protons,	9%	helium,	1%	electrons	and	extremely	isotopic	up	to	very	high	energies	
•  the	spectrum	is	(ALMOST)	a	single	power	law	->	CR	knee	at	few	PeVs	+	ankle	at	10	EeV		
•  Supernova	remnants	can	sustain	CRs	up	to	hundreds	of	TeV	and	extragalac)c	sources	are	

responsible	for	the	Ultra	High	Energy	Cosmic-rays		

Galac)c	SNRs	
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p,	He,	e±	

p,	He,	e±	

•  High	energy	cosmic	par0cles	con0nuously	arriving	on	Earth,	discovered	by	V.	Hess	in	1912	
•  89%	protons,	9%	helium,	1%	electrons	and	extremely	isotopic	up	to	very	high	energies	
•  the	spectrum	is	(ALMOST)	a	single	power	law	->	CR	knee	at	few	PeVs	+	ankle	at	10	EeV		
•  Supernova	remnants	can	sustain	CRs	up	to	hundreds	of	TeV	and	extragalac)c	sources	are	

responsible	for	the	Ultra	High	Energy	Cosmic-rays		

•  Trajectory	deviated	from	its	origin	by	diffusion	in	the	interstellar/intergalac0c	magne0c	
fields	=>	need	for	indirect	detec0on	of	CR	sources		
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p,	He,	e±	

p,	He,	e±	

γ


γ


•  High	energy	cosmic	par0cles	con0nuously	arriving	on	Earth,	discovered	by	V.	Hess	in	1912	
•  89%	protons,	9%	helium,	1%	electrons	and	extremely	isotopic	up	to	very	high	energies	
•  the	spectrum	is	(ALMOST)	a	single	power	law	->	CR	knee	at	few	PeVs	+	ankle	at	10	EeV		
•  Supernova	remnants	can	sustain	CRs	up	to	hundreds	of	TeV	and	extragalac)c	sources	are	

responsible	for	the	Ultra	High	Energy	Cosmic-rays		

•  Trajectory	deviated	from	its	origin	by	diffusion	in	the	interstellar/intergalac0c	magne0c	
fields	=>	need	for	indirect	detec0on	of	CR	sources		

Gamma-rays!	
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ISM	molecular	clouds	

•  Gamma-ray	observa)ons	is	the	most	powerful	tool	to	detect	PeVatrons	
•  We	use	molecular	clouds	as	a	cosmic-ray	barometer	

•  Eγ ≈Ep/10 =>	need	TeV	gamma-rays	to	iden)fy	PeV	protons	

Eγ ≈Ep/10




Ø  Gamma-ray	produc)on	by	non-thermal	processes	
•  Hadronic	processes	(accelerated	protons):	pion	decay	
	
•  Leptonic	processes	(accelerated	electrons):	

Synchrotron	radia0on,	Bremstrahlung	and	inverse	
Compton		

	
•  Self-annihila0on	or	decay	of	large	mass	par0cles	(dark	

ma_er)	
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Ø  Detec)on:	
•  Gamma-rays	interact	with	the	atmosphere	
•  Satellites	detec0on	up	to	~100	GeV	(Fermi)	
•  Above	100	GeV	:	ground	based	Cherenkov	

telescopes	(indirect	detec0on)	

pp → π0 + … → γγ

p + nucleus  → π0 + … → γγ  


e±                                          γ

e±                                          γ

e±                                          γ


Bremsstrahlung	
Inverse	Compton	

Synchrotron	
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Ø  Interac0on	of	gamma-rays	in	the	atmosphere	

Ø  	Par0cles	shower	developpement	:	Cherenkov	light	
emission	in	cone	of	angle	α	~	1.0		̊	

Ø  	Discrimina)on	between	showers	ini0ated	by	hadrons	
and	gamma-rays	based	on	their	image	on	the	cameras	

credits	K.	Bernlohr	

credits	K.	Bernlohr	
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Ø  Interac0on	of	gamma-rays	in	the	atmosphere	

Ø  	Par0cles	shower	developpement	:	Cherenkov	light	
emission	in	cone	of	angle	α	~	1.0		̊	

Ø  	Discrimina)on	between	showers	ini0ated	by	hadrons	
and	gamma-rays	based	on	their	image	on	the	cameras	

Ø  	Stereoscopic	technique	improves	primary	par0cle	
direc0on	reconstruc0on	(also	improves	hadron		
discrimina0on)	

•  5deg	

credits	K.	Bernlohr	

credits	K.	Bernlohr	



Ø  Semi-analy0cal	«	Model	»	analysis:	
•  comparison	of	the	recorded	showers	in	the	camera,	with	calculated	shower	images	

from	a	model	of	the	Cherenkov	light	distribu0on	in	electromagne0c	showers.	

Ø  A	maximum-likelihood	procedure	allows	to	recover	the	best	parameters	of	any	shower:	
•  Energy	
•  Direc0on	
•  Impact	parameter	
•  Primary	interac0on	depth	
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Ø  Discrimina0ng	variable	to	select	gamma-like	
events		

credits	M.	de	Naurois	



MAGIC Canary Island, Spain 
La Palma, 2225m a.s.l. 
2 telescopes, Ø17m 
>2009 

VERITAS Arizona, USA 
1275m a.s.l. 
4 telescopes, Ø12m  
Stereoscopy 
>2007 

15 

H.E.S.S. Namibia 
1800m a.s.l. 
4 telescopes, Ø12m 
stereoscopy  
>2003 
HESS 2 : 4+ 1 (Ø28m) telescopes, 2012 
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MAGIC Canary Island, Spain 
La Palma, 2225m a.s.l. 
2 telescopes, Ø17m 
>2009 

VERITAS Arizona, USA 
1275m a.s.l. 
4 telescopes, Ø12m  
Stereoscopy 
>2007 
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H.E.S.S.	Namibia	
•  Geographically	best	suited	for	the	

Galac0c	Center	observa0on	
•  The	only	IACT	with	a	constant	

monitoring	of	the	GC		
•  Now	more	than	220h	with	very	precise	

measurements	(spectrum	and	
posi0on)	
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Array	of	four	Imaging	Atmospheric	Cherenkov	Telescopes	
	located	in	Namibia	(1800m	a.s.l.)	

	

	
	
	
	

• 	12	m	diameter	telescopes	:	107	m2	each	
• 	Observa0ons	on		moonless	nights,	~1000h/year	
• 	Field	of	view	of	5°	in	diameter	
• 	Stereoscopic	reconstruc0on	

• 		Angular	resolu0on	<	0.1°/γ	
• 	Energy	threshold	(zenith)	~	200	GeV	
• 	Energy	resolu0on	~	15%	
	

A. Viana                                                                                          GC Pevatron                                                                November 2016 



8 

Array	of	FIVE	Imaging	Atmospheric	Cherenkov	Telescopes	
	located	in	Namibia	(1800m	a.s.l.)	

	

	
	
	
	

5th telescope(Ø28m): HESS 2 (first light in July 2012)  
Surface ~ 600 m2 

Energy threshold (zenith) ~ 50 GeV   
Field of view ~3.5o 
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Array	of	FIVE	Imaging	Atmospheric	Cherenkov	Telescopes	
	located	in	Namibia	(1800m	a.s.l.)	

	

	
	
	
	

HUMAN	
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5th telescope(Ø28m): HESS 2 (first light in July 2012)  
Surface ~ 600 m2 

Energy threshold (zenith) ~ 50 GeV 
Field of view ~3.5o 
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Ø  Central	Molecular	Zone	(CMZ):	giant	
molecular	clouds	(~10%	of	all	Galaxy)	

1 	̊
150	pc	

VLA	90cm	radio	image	
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Sgr	A*	Sgr	B2	

Sgr	B1	 Sgr	C	

Herschel	(IR)	:	dust/gas	map	



Ø  Giant	molecular	clouds	
Ø  Radio	image:	SNRs,	HII	regions,	filaments…	

1 	̊
150	pc	 VLA	90cm	radio	image	
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Ø  Central	Molecular	Zone	(CMZ):	giant	
molecular	clouds	(~10%	of	all	Galaxy)	

Ø  CR	accelerators:	SNRs,	magne0c	filaments,	
supermassive	black	hole	Sgr	A*	
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Radio	emission	->	Huge	ouflow	(1039-41	ergs/s)	

8	kpc	

Carre<	et	al,	Nature	2013	

>	105	years	)mescale	
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8	kpc	

>	105	years	)mescale	

GeV	gamma-ray	emission	->	Huge	ouflow	(1039-41	ergs/s)	
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GeV gamma-ray 
emission 

Fermi  
bubbles 

WMAP  
haze 

8	kpc	

Su,	Slatyer,	and	Finkbeiner,	ApJ	2010	

>	105	years	)mescale	

GeV	gamma-ray	emission	->	Huge	ouflow	(1039-41	ergs/s)	



Ø  Giant	molecular	clouds	
Ø  Radio	image:	SNRs,	HII	regions,	filaments…	

1 	̊
150	pc	 VLA	90cm	radio	image	
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Ø  Central	Molecular	Zone	(CMZ):	giant	
molecular	clouds	

Ø  CR	accelerators:	SNRs,	magne0c	filaments,	
supermassive	black	hole	Sgr	A*	



Aharonian	et	al.	(H.E.S.S.	CollaboraKon),	Nature	439	(2006)		695	

H.E.S.S.	J1745-290	G	0.9+0.1	

Two	bright	point-like	sources:		
-	G	0.9+0.1	:	SNR/PWN	associa0on	
-HESS	J1745-290	:	uniden0fied	source	

1 	̊
150	pc	

Excess	map	(55h)	
Counts	

Aharonian	et	al.	(H.E.S.S.	CollaboraKon),	A&A	425(2004)	L13	
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H.E.S.S.	J1745-290	G	0.9+0.1	

Diffuse	emission	along	the	
galac0c	plane!	

|b| < 0.2° 

Contours:	gas	(CS)	

Ø  Search	for	much	fainter	emission	
Ø  Subtrac0on	of	the	two	bright	sources		
Ø  Correla0on	of	emission	with	molecular	clouds	of	the	Central	

Molecular	Zone	(CMZ)	=>	hadronic	origin	of	emission	

1 	̊
150	pc	

Excess	map	(55h)	
Counts	

Aharonian	et	al.	(H.E.S.S.	CollaboraKon),	Nature	439	(2006)		695	
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CMZ	



Contours:	gas	(CS)	

Ø  Search	for	much	fainter	emission	
Ø  Subtrac0on	of	the	two	bright	sources		
Ø  Correla0on	of	emission	with	molecular	clouds	of	the	Central	

Molecular	Zone	(CMZ)	=>	hadronic	origin	of	emission	

1 	̊
150	pc	

Excess	map	(55h)	
Counts	

Aharonian	et	al.	(H.E.S.S.	CollaboraKon),	Nature	439	(2006)		695	
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CMZ	

Histogram:		γ-rays	
red:	gas	



2.0	 			 	 	1.0	 	 																							0.0 	 	 															-1.0 		

HERSCHEL	mul)frequency	
•  Gas	density	NH		
found	by	mul0plying	by		
a	dust-to-gas	ra0o	

CS	map	
•  Intensity	propor0onal	to	
gas	density		
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Ø 	TeV	emission	well	correlated	to	gas	density	=>	pp	emission	processes	
Ø 	Use	of	different	tracers	=>	systema)cal	uncertainty	evalua)on	
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HERSCHEL	mul)frequency	
•  Gas	density	NH		
found	by	mul0plying	by		
a	dust-to-gas	ra0o	

CS	map	
•  Intensity	propor0onal	to	
gas	density		
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l  Full dataset analysed : 2003-2012 

l  Diffuse emission excluded, G0.9 
excluded, HESS J1745-303 
excluded, for background estimate 
 
   

Diffuse	
emission	

Excess	map	(220h)	

θ²cut =  0.01(point-like source) 
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Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	
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•  Correla0on	with	molecular	clouds	
=>	pp	interac0on	target	mass	(M)	 CMZ	

Excess	map	(220h)	

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	
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•  Correla0on	with	molecular	clouds	
=>	pp	interac0on	target	mass	(M)	

•  Gamma-ray	luminosity	(L)	in	several	
regions	

•  =>	CR	energy	density									L/M	∝
New	source:	Lemière	et	al.	arXiv:1510.04518

		
		

CMZ	

Excess	map	(220h)	

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	

best-fit	1/rα	where	α	=	1.1	±	0.1		
HESS	collaboraKon,	Nature	531	(2016)	476-479		



A. Viana                                                                                          GC Pevatron                                                                November 2016 36 

CMZ	

Excess	map	(220h)	
•  Correla0on	with	molecular	clouds	

=>	pp	interac0on	target	mass	(M)	

•  Gamma-ray	luminosity	(L)	in	several	
regions	

•  =>	CR	energy	density									L/M	∝ Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	

best-fit	1/rα	where	α	=	1.1	±	0.1		
HESS	collaboraKon,	Nature	531	(2016)	476-479		
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•  Correla0on	with	molecular	clouds	
=>	pp	interac0on	target	mass	(M)	

•  Gamma-ray	luminosity	(L)	in	several	
regions	

•  =>	CR	energy	density									L/M	∝

CMZ	

Excess	map	(220h)	

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	
(2016)	

best-fit	1/rα	where	α	=	1.1	±	0.1		
HESS	collaboraKon,	Nature	531	(2016)	476-479		
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CMZ	

Excess	map	(220h)	
•  Correla0on	with	molecular	clouds	

=>	pp	interac0on	target	mass	(M)	

•  Gamma-ray	luminosity	(L)	in	several	
regions	

•  =>	CR	energy	density									L/M	∝

CR	density	radial	distribu0ons	meanings:	
•  Homogeneous/Constant		

-  Impulsive	injec0on	of	CRs	and	diffusive	
propaga0on	

•  1/r2		
-  Wind-driven	or	ballis0c	propaga0on	
	

•  1/r		
-	con0nuous	injec0on	and	diffusive	
propaga0on	

Central	accelerator	located	within	10	
pc	and	injec)ng	CRs	con)nuously	
over	more	than	1000	years	

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	

HESS	collaboraKon,	Nature	531	(2016)	476-479		
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Diffuse	emission	

HESS	J1745-290	

•  Spectrum	diffuse	emission	extracted	from	
large	ring	[rin,rout]	=	[0.15o,0.45o]	

Excess	map	(220h)	

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	
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Diffuse	emission	
•  Spectrum	diffuse	emission	extracted	from	

large	ring	[rin,rout]	=	[0.15o,0.45o]	

•  Spectrum	of	diffuse	emission:	power-law	
with	index	2.3	extending	up	to	50	TeV	
without	energy	cut-off	

•  Solve	transport	equa0on	of	protons	
injected	at	the	center	of	the	Galaxy	and	fit	
to	HESS	data	

•  Parent	proton	injec0on	spectrum	should	
extend	to	PeV	energies	

•  quasi-con0nuous	injec0on	las0ng	
over	~104	years		

•  total	CR	power	injected	at	the	GC	
~1038	erg/s	

First	robust	detec)on	
of	a	cosmic	Galac)c	
PeVatron!	

Excess	map	(220h)	

HESS	collaboraKon,	Nature	531	(2016)	476-479		

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	
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•  Given	the	loca0on	(<	10	pc),	the	maximum	accelera0on	energy	(~PeV),	the	con0nuous	
power	and	age	of	the	accelerator	only	the	SMBH	Sgr	A*	is	a	viable	couterpart	

•  A	significant	frac0on	of	accre0on	in	Sgr	A*	is	released	through	accelera0on	of	par0cles	to	
ultrahigh	energies	

	
•  SgrA*	has	been	more	ac0ve	in	the	past	(Pon0	et	al.	2010/12,	Terrier	et	al.	2010)	=>	if	

injection power ≥ 1039 erg/s,	GC	PeVatron	can	explain	the	fluxes	of	Galac)c	CRs	above	
100	TeV	to	a	few	PeV	(region	of	the	“knee”)	

•  Possible	origin	of	two	large	scale	structures	:	Fermi	Bubbles	observed	by	Fermi-LAT	(Su	et	al.	
2010,	Crocker	&	Aharonian	2010)	and	isotropic	flux	of	the	extraterrestrial	neutrinos	
discovered	recently	by	IceCube	(Taylor	et	al.	2014)	

HESS	collaboraKon,	Nature	531,	476-479	(2016)	
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1.  whether	the	accelerator	could	be	sufficiently	
effec0ve	to	boost	the	energy	of	electrons	up	to	≥	
100	TeV	under	the	severe	radia0ve	losses	in	the	
GC;		

2.  whether	these	electrons	can	escape	the	sites	of	
their	produc0on	and	propagate	over	distances	of	
tens	of	parsecs;		

3.  whether	they	can	explain	the	observed	hard	
spectrum	of	mul0-TeV	γ-rays.		

Leptonic	origin	needs	to	address	these	ques0ons:		

Synchrotron	losses	makes	a	leptonic	origin	
extremely	unlikely	=>	it	implies	very	small	
propaga)on	distances	and	spectral	break		
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HESS	collaboraKon,	Nature	531,	476-479	(2016)	
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Possible	alterna0ve	sources	for	the	Pevatron	include:	

1.	Supernova	remnants	

2.	Stellar	clusters	

3.	Magne)c	radio	filaments	(Yusef-Zadeh	2013)	
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1.	Supernova	remnants	

2.	Stellar	clusters	

3.	Magne)c	radio	filaments	(Yusef-Zadeh	2013)	

For	very	young	SNRs:		
																																						but	ΔtPeV ~ O(10-100 yrs)

	

Not	enough	0me	for	a	(quasi)		
con0nuous	injec0on		

Possible	alterna0ve	sources	for	the	Pevatron	include:	
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1.	Supernova	remnants	

2.	Stellar	clusters	
•  Central	stellar	cluster	located	within	1	pc	of	the	

GC	(size	~	0.4	pc)	
•  Need	SNRs	to	reach	PeV	energies	
•  	Number	of	supernovas	needed	
	in	the	past	1000	yr	->	n		

3.	Magne)c	radio	filaments	(Yusef-Zadeh	2013)	

For	very	young	SNRs:		
																																						but	ΔtPeV ~ O(10-100 yrs)

	

Not	enough	0me	for	a	(quasi)		
con0nuous	injec0on		

Absurd	amount	for	such	
a	small	region	(0.4	pc)	

Possible	alterna0ve	sources	for	the	Pevatron	include:	
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1.	Supernova	remnants	

2.	Stellar	clusters	
•  Central	stellar	cluster	located	within	1	pc	of	the	

GC	(size	~	0.4	pc)	
•  Need	SNRs	to	reach	PeV	energies	
•  	Number	of	supernovas	needed	
	in	the	past	1000	yr	->	n		

3.	Magne)c	radio	filaments	(Yusef-Zadeh	2013)	
•  Accelera0on	of	electrons	in	elongated	radio	

filaments	(though	no	explana0on	how)	
•  Gamma-ray	produc0on	through	non	thermal	

Bremstrahlung	
All	these	alterna)ve	sources	fail	to	match	the	following	three	requirements:		
	
i)  the	accelerator	has	to	be	located	in	the	inner	∼10	pc	of	the	Galaxy,		
ii)  the	accelerator(s)	has(have)	to	be	con)nuous	over	a	)mescale	of	at	least	thousands	of	years	
iii)  the	accelera)on	has	to	proceed	up	to	PeV	energies.	

For	very	young	SNRs:		
																																						but	ΔtPeV ~ O(10-100 yrs)

	

Not	enough	0me	for	a	(quasi)		
con0nuous	injec0on		

Absurd	amount	for	such	
a	small	region	(0.4	pc)	

•  Need	of	fine-tuning		distribu0on	of	
magne0c	filaments	(1/r)	

•  Injec0on	rate	to	fill	the	CMZ	~1041	
ergs/s	=>	extremely	high	(=	total	
proton	luminosity	of	the	Galaxy)	

Possible	alterna0ve	sources	for	the	Pevatron	include:	
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100 PeVØ  Secondary	electrons	from	charged	pion	
=>	synchrotron	emission	in	X-rays	

Ø  Too	faint	when	compared	to	
diffuse(thermal)	emission	detected	by	
XMM-Newton		

Ø  Neutrinos	are	equally	produced	in	pion	
decays	

Ø  Expected	neutrino	flux	from	GC	Pevatron	
is	close	to	km3-scale	detectors	(such	as	
IceCube	or	KM3Net)	detec0on	sensi0vity	

IceCube		
sensi0vity	

XMM-Newton	

HESS	collaboraKon,	Nature	531,	476-479	(2016)	
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secondary	electrons	

neutrinos	gamma-rays	

cosmic-rays	

Abramowski	et	al,	HESS	collaboraKon(corr.	authors		
	AV,	F.	Aharonian,	S.	Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	
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Ø  Although	the	GC	Pevatron	could	poten0ally	explain	all	PeV	CRs,	other	sources,	
such	as	SNRs	or	superbubbles	are	s0ll	possible	

Westerlund	1	
•  hard	powerlaw	index	
•  superbubble	candidate	

HESS	J1641-463	
•  hard	powerlaw	index	up	to	

20	TeV	
•  hadronic	or	leptonic	origin	

disputed	

Abramowski	et	al,	ApJ	2014,	arxiv:1408.5280			

Abramowski	et	al	,	A&A	2012,	arxiv:	1111.2043		
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Ø  Key	Science	Project	for	the	last	years	of	H.E.S.S.	
Ø  1000h	on	high	la0tudes	(~0.5o-5o)	
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Search	for	:	
	
•  Ou�lows	

2.7	GHz	radio	data	
(unsharp	mask,	9.4`)	
Pohl,	Reich	&	
Schlickeiser	1992		

Evidence	of	Centrally	
Powered	Escape?	

Ø  Key	Science	Project	for	the	last	years	of	H.E.S.S.	
Ø  1000h	on	high	la0tudes	(~0.5o-5o)	

Radio	Lobe	
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Search	for	:	
	
•  Ou�lows	
•  Link	with	the	Fermi	bubbles	

Casandjian, J.M., arXiv:1502.07210  
  

Fermi	Bubbles	
inner	10o	edge	

HESS		
poin)ngs	

Ø  Key	Science	Project	for	the	last	years	of	H.E.S.S.	
Ø  1000h	on	high	la0tudes	(~0.5o-5o)	
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Search	for	:	
	
•  Ou�lows	
•  Link	with	the	Fermi	bubbles	
•  Dark	ma_er	from	GC	halo	
•  Dark	ma_er	clumps	
•  Diffuse	emissions	far	from	the	plane	

Casandjian, J.M., arXiv:1502.07210  
  

Fermi	Bubbles	
inner	10o	edge	

HESS		
poin)ngs	

Pathfinder	for	CTA	

Ø  Key	Science	Project	for	the	last	years	of	H.E.S.S.	
Ø  1000h	on	high	la0tudes	(~0.5o-5o)	



Ø  Factor	10	be_er	flux	sensi0vity	

Ø  Larger	energy	coverage,	field	of	view	and	twice	
be_er	angular	and	energy	resolu0on	

HESS-II	
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10'	

1'	
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Galac0c	Centre	Key	Science	Project	[825	h]			
	

Ø 	Large	field	of	view	=>	more	detailed	
view	of	the	Diffuse	VHE	emission	(new	
sources,	ou�lows,	etc)	

	
Ø Improved	PSF	(r68~0.02˚-0.03	˚),	
poin0ng	accuracy	(3”)		and	sensi0vity	
=>	resolve	GC	source	(e.g.:	0.5‘	(0.01	
˚);	size	of	circumnuclear	disk;	
dis0nguish	Sgr	A*	and	PWN	

	
Ø Search	for	a	possible	)me	
dependent	component	=>	Sgr	A*	MWL	
observa0ons	with	IR/	X-ray	
instruments	and	improved	sensi0vity	
to	flux	varia0on	for	flares	(typically	1h)	

Ø Search	for	long	term	flux	evolu)on	
=>	Expected	if	energe0c	protons	
accelerated	during	past	periods	of	
increased	ac0vity	of	Sgr	A*	



Ø  Gamma-ray	observa)ons	is	the	most	powerful	tool	to	detect	PeVatrons.	H.E.S.S.-I	Dataset	
2003-2012:	220	hours	

	
Ø  	First	measurement	of	radial	CR	density	distribu)on	=>	central	CR	accelerator	within	10	pc	and	

con)nuously	injec)ng	CRs	for	>>	1kyrs	

Ø Spectrum	of	diffuse	emission	extending	up	to	50	TeV	without	energy	cut-off,	proton	injec)on	
spectrum	=>	First	robust	detec)on	of	cosmic	PeVatron	

•  quasi-con)nuous	injec)on	las)ng	over	~104	years		
•  total	CR	power	injected	at	the	GC	~1038	erg/s	

	
Ø  Only	SMBH	Sgr	A*	can	sustain	such	accelera)on	power	in	the	central	10	pc:	

•  significant	frac)on	of	accre)on	in	Sgr	A*	is	released	through	accelera)on	of	par)cles	to	
ultrahigh	energies;	

•  SgrA*	has	been	more	ac)ve	in	the	past	=>	GC	PeVatron	can	explain	the	fluxes	of	galac)c	
CRs	above	100	TeV	to	a	few	PeV	(region	of	the	“knee”)	,	Fermi	Bubbles	and	extraterrestrial	
neutrinos	

•  Connec)on	between	Pevatron	and	HESS	J1745-290	possible	with	γ	absorp)on	in	IR	field	

Ø  Paper	published:	Abramowski	et	al,	HESS	collabora)on(corr.	authors		AV,	F.	Aharonian,	S.	
Gabici,	E.	Moulin),	Nature	531,	476-479	(2016)	
Ø  Last	years	of	HESS	opera)on	and	first	years	of	CTA	will	hopefully	bring	a	revolu)on	to	the	field	
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Ø  	HESS	J1745-290	has	significant	devia)on	from	a	power-law	with	spectral	index	~	2.1	and	exponen)al	cut-off	at	
energy	~	11	TeV(compa0ble	with	previous	analyses:	Aharonian	et	al.	(HESS	coll.)	A&A	503	(2009)	817)	

HESS	collaboraKon,	Nature	531,	476-479	(2016)	



new	Herschel	data	

absorp0on	
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Ø  	HESS	J1745-290	has	significant	devia)on	from	a	power-law	with	spectral	index	~	2.1	and	exponen)al	cut-off	at	
energy	~	11	TeV	

Ø  If	they	are	not	connected,	HESS	J1745-290	could	be	explained	by:	Sgr	A*,	PWN	ou	Dark	Ma_er		

Ø  if	HESS	J1745-290	is	linked	to	PeVatron	the	energy	cut-off	in	the	central	source	could	be	explained	from:	
Ø  photon	absorp0on	on	the	infrared	radia0on	field		
and/or		
Ø  difference	in	gamma-ray	emission	0mescales	due	to	energy	dependent	diffusion	coefficient:	10	yrs	for	high	

energies	(ballis0c	mo0on)	and	103	for	low	energies	(diffusive	mo0on)	=>		a	decrease	in	luminosity	in	
0mescales	O(10	yr)	would	generate	a	cut-off		

Ø  Using	new	Herschel	data	we	show	that	absopr0on	is	a	viable	op0on	(F.	Aharonian,	S.	Gabici,	E.	Moulin,	R.	Tuffs,		and	
AV	in	prepara0on)	

PRELIMINARY	
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CS	

CO	

•  Several	tracers	used	to	check	
systema0cal	uncertainty	

•  CMZ	has	a	coherent	structure	=>	3D	
distribu0on	of	gas	affects	mildly	the	
CR	density	calcula0on	(~10%)	

Face-on	view	of	CMZ:	OH/CO	ra0o	
(OH	absorbs	18cm	emission)	

Sawada	et	al	2004	
Ferriere	et	al	2007	
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•  It	has	been	long	known	that	the	Fermi	
diffuse	models	under-predict	the	data	in	
the	inner	Galaxy	for	energies	above	a	few	
GeV.	

•  The	Fermi	collabora)on	itself	“do	not	
recommend	using	this	model	for	analyses	
of	spa)ally	extended	sources	in	the	region	
defined	in	Fig.	1”	

Fig.	1	

h_p://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/
FSSC_model_diffus_reprocessed_v12.pdf	

Main	reasons:	
•  it	neglects	the	possibility	of	a	significantly	enhanced	

cosmic-ray	abundance	in	the	inner	Galaxy	
•  inverse-Compton	template	strongly	depends	on	inputs:	

source	distribu0on,	diffusive	halo	geometry	and	source	
spectrum	

Ackermann	et	al.	1202.4039	
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•  It	has	been	long	known	that	the	Fermi	
diffuse	models	under-predict	the	data	in	
the	inner	Galaxy	for	energies	above	a	few	
GeV.	

•  The	Fermi	collabora)on	itself	“do	not	
recommend	using	this	model	for	analyses	
of	spa)ally	extended	sources	in	the	region	
defined	in	Fig.	1”	

Fig.	1	

Main	reasons:	
•  it	neglects	the	possibility	of	a	significantly	enhanced	

cosmic-ray	abundance	in	the	inner	Galaxy	
•  inverse-Compton	template	strongly	depends	on	inputs:	

source	distribu0on,	diffusive	halo	geometry	and	source	
spectrum	

Ackermann	et	al.	1202.4039	

h_p://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/
FSSC_model_diffus_reprocessed_v12.pdf	
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•  The	convolu)on	of	the	proton	distribu)on	and	the	warm	ionized	gas	gives	the	right	radial	distribu)on	
Carlson	&	Profumo,	1405.7685	

Ferriere	et	al	2007,	0702532	
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Carlson	&	Profumo,	1405.7685	

•  The	excess	spectrum	can	be	fived	with	a	proton	injec)on	spectrum	with	a	broken	power-law		
•  Interes)ngly	the	gamma-ray	spectrum	from	pion	decays	of	an	ini)al	proton	spectrum	with	a	E-2	

power-law	has	a	bump	at	~	1	GeV	

Proton	injec0on	power	needed:	
1038	ergs/s	(>	100	MeV)	

•  The	convolu)on	of	the	proton	distribu)on	and	the	warm	ionized	gas	gives	the	right	radial	distribu)on	
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Fermi	map	and	contours	at	1-300	GeV:		
-  2FGL	J1745-2858	:	coincident	with	the	

HESS	source		

Yusef-Zadeh	et	al.	,	1206.6882	

•  Sgr	B2	region	spectrum	well	below	the	
expected	emission	from	the	«	sea	of	
CRs»	

•  Beyond	~25	pc	of	the	central	proton	
accelerator	gamma-rays	below	10	GeV	
will	be	dominated	by	«	isotropic	»	
diffuse	component	

Yang	et	al.	2015,	1410.7639		



Ø  	Diffuse	emission	
associated	with	giant	
molecular	clouds	(CS	maps	
as	tracers)	=>	hadronic	
interac)on	

Ø  CR	energy	density	higher	
than	the	local	CR	density	
by	an	order	of	magnitude	

	
Ø  Lack	of	TeV	emission	at	

b>1.0o	=>	CR	gradient	
necessary	to	explain	
emission	

150	pc	

					2.0																										 	 	1.0	 	 																																					0.0 	 																									-1.0 		

Counts	
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Aharonian	et	al.	(H.E.S.S.	CollaboraKon),	Nature	439	(2006)		695	



SNR	Sgr	A	East	

VLA	90cm	radio	

G359.95-0.04	
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HESS	coll.	MNRAS	402,	1877	(2010)		

10	pc	

Sgr	A*	
posi0on	

HESS	
posi0on	

Fermi	symposium	2009	

Ø  posi0on:	
	l=359°56’41.1’’±	6.4’’±	6’’	

	 	b=-0°2’39.2’’	±	5.9’’	±6’’	

Ø  centroid	emission	located	at	7’’±12’’	from	Sgr	A*	

Ø  Sgr	A	East	excluded	at	the	7σ	C.L.	
Ø  G359.95-0.04		and	Srg	A*	s0ll	inside	error	bars	(8.7’’	

from	Sgr	A*)	

HESS	improved	poin)ng	analysis	:	30''->6''	
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•  No	signs	variability	in	VHE	light	curve	
observed	based	on	93	hours	of	data	

•  	Simultaneous	HESS	and	Chandra	observa0ons	
in	2005	

•  	X-ray	flare	detected	
-	1-10	keV	
-	1600s	dura0on	
-	9x	quiescent	level	

•  No	increase	of	gamma	flux	>1	TeV	(factor	2	
increase	excluded	at	99%CL)	

Aharonian et al. A&A 503, 817 (2009) 

HESS Coll, A&A 492, L25 (2008) 

HESS Coll, A&A 492, L25 (2008) 

=>	disfavours	scenarios	where	keV	and	TeV	
emission	are	associated	with	the	same	
parent	popula)on	(or	mechanism)	
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Ø 	Large	field	of	view=>	more	detailed	view	of	the	Diffuse	VHE	emission		
•  Resolving	new,	previously	undetectable	sources		
•  Studying	the	interac0on	of	the	central	source	with	neighbouring	clouds	
•  ou�lows	

	
Ø Improved	PSF	(r68~0.02˚-0.03	˚),	Improved	poin0ng	accuracy	(3”)		and	sensi0vity:	

•  Try	to	resolve	GC	source	(e.g.:	0.5‘	(0.01	˚)	size	of	circum-nuclear	disk)	
•  dis)nguish	Sgr	A*	and	PWN	
•  If	TeV	emission	produced	by	hadrons,	emission	should	be	extended	(0.5')	

Ø Search	for	a	possible	)me	dependent	component	
•  Sgr	A*	MWL	observa0ons	with	IR/	X-ray	instruments	
•  Improved	sensi0vity	to	flux	varia0on	for	flares	(typically	1h)	

Ø Search	for	long	term	flux	evolu0on	
•  Expected	if	energe0c	protons	accelerated	during	past	periods	of	increased	ac0vity	of	Sgr	A*	


