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CTA as a Probe of Extragalactic CR Sources	
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Where	Does	Extragalac<c	Begin?	
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Anisotropy constraint:  Giacin<	et	al.	(2011),	1112.5599	
     Pierre	Auger	Collab.	(2012),	1212.3083			

Kascade-Grande	Coll.	(2013),	1304.7114		
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Candidate Sources- Basic Argument Hasn’t Changed! 

⌘ ⇡ 1 assumed	in	plot	below	

CTA	Symposium-	Andrew	Taylor	
3	

L > 3⇥ 1042 1

�2

✓
Ep

3⇥ 1018 eV

◆2

erg s�1

AM	Hillas	(1984)	

Norman et al. (1995) 

tacc = ⌘
Rlar

c�2
tesc. =

R2

⌘cRlarRlar =
�

⌘
R

AGN	

GRB	



Gamma-Ray	Blazars	
(AGN)	and	the	EBL	
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Systematic uncertainties

H.E.S.S. 2013, model scaling

Meyer al. 2012 upper limit

 rays onlyγVHE 
Biteau & Williams 2015,

Upper limits (Direct measurements)

Lower limits (Galaxy counts)

Franceschini et al. 2008

Dominguez et al. 2011

Finke et al. 2010

Gilmore et al. 2012 (Fiducial)

Kneiske & Dole 2010

EBL	AUenua<on	

M87	

Mkn 501	

PKS 2155-304	
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HESS	Coll.	A&A	606	(2017)	A59	
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Local Scales Effect Highest Energies: 
Analytic Treatments 

(logarithmic scale) 

Hooper et al. (2008), 0802.1538  

Local	Cosmo.	

f q(t)= Σ n= q
m τ q τ n

m− q− 1

∏ p= q

m
( τ n− τ p)

e
− t
τ n f n(0)

Aloisio	et	al.	(2013)	1006.2484	
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How Far is the Nearest Source? 

Silicon- L<60 Mpc 

Iron- L<80 Mpc 

Taylor et al. (2011), 1107.2055  
Fargion et al. (2015), 1412.1573  

Andrew	Taylor	

De Marco et al. (2006), 0603615  
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Model (best fit): Diffuse emission

 = 2.9 PeV
68% CL

cut,pModel: Diffuse emission E

 = 0.6 PeV
90% CL

cut,pModel: Diffuse emission E

 = 0.4 PeV
95% CL

cut,pModel: Diffuse emission E

HESS J1745-290

Galac<c	Center-	Sgr	A*	
• 	Analysis	of	Sgr	A*	‘point	
source’	at	Galac@c	center	
• 	Inflec@on	evident	in	
spectrum	around	100	
GeV	revealing	presence	
of	new	hard	component	

150 pcs 50 pcs

Further	Ques@ons:	
1)	Maximum	energy	of		
cosmic	rays	produced?	(info	
from	Auger)	
2)	Stability	of	the	source		
Power?	

HESS	Coll.	Nature	531	(2016)	476	
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Max Energy on Smaller Scales of Cen A?	
Hardcastle	et	al.	(1103.1744)		
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2.8	kpc	

VLA	Map	

HESS	
Preliminary	
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New	Informa<on	About	sGRBs	

Absence	of	break	in	synchrotron	emission	
spectrum	up	to	X-ray	energies	constraint	

Accelera@on	within	remnant	@mescale	
constraint	(tacc<	100	days)	

B < 2 mG

…alterna@vely,	synchrotron	emicng	
electrons	may	be	always	“fresh”,	or	the	
injec@on	spectrum	from	the	source	may	be	
very	hard	and	the	electrons	observed	cooled	

B > 0.02 mG

Rogrigues	et	al.	2018	(1806.01624)	

10�8 10�4 100 104 108 1012 1016
1031

1033

1035

1037

1039

1041

1043

1045

E
�
dL

/d
E

�
(e

rg
s�

1
)

5 days
B = 30 mG H.E.S.S

10�8 10�4 100 104 108 1012 1016

E� (eV)

1031

1033

1035

1037

1039

1041

1043

1045

E
�
dL

/d
E

�
(e

rg
s�

1
)

110 days
B = 2 mG

Synchrotron (Emax
e = EX�ray

e )

Synchrotron (Emax
e = Esynch cuto↵

e )

Inverse Compton (Emax
e = EX�ray

e )

Inverse Compton (Emax
e = Esynch cuto↵

e )

Thermal component

10�8 10�4 100 104 108 1012 1016

E� (eV)

1031

1033

1035

1037

1039

1041

1043

1045

110 days
B = 10 G

Inverse	Compton	synchrotron	

	Kimura	et	al.	2018	(1807.03290)	
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The	Origin	of	Protons	Below	the	Ankle	

12	

Note-	IGRB	
contribu@on	from	
cascade	losses	
rather	independent	
of	source	spectra	

SFR	evolu@on	scenario	 no	evolu@on	scenario	

Liu	et	al.	(2016),	1603.03223	

Decerprit	et	al.	(2011),	
1107.3722	
Gelmini	et	al.	(2012),	
1107.1672	

Crostron	et	al.	2019	
(1801.10172)			



Future	Probes-	Cutoff	Region	
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Cut-off	Genera<on-	A	Simple	Case	
•  Bohm	diffusion	(q=1)	+	only	escape	results	in	simple	

exponen@al	cutoff.	
•  Some	simplifica@ons	to	the	transport	equa@on:	
	

Steady	state	 No	losses	 Delta	injec@on	
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Cutoff	comes	from	balancing	
1st	and	3rd	term	 f / Ae�p/p⌧
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Cut-off	Shape-	Emission	Dependence	

•  Different	emission	processes	dictate	different	
rela@on	between	electrons	and	gamma	rays	

e.g.	
•  Synchrotron/IC	Thomson:	
	
•  SSC:	
	
•  IC	(Klein	Nishina)	

Good	measurement	of	
gamma	ray	cut-off	can	
give	insight	into	the	
accelera@on	
environment	

CTA	Symposium-	Andrew	Taylor	
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Recall	generally,		 �e = 2� q� r



Observa<on	of	Cut-offs	in	Gamma-ray	Spectra	
•  2nd	Brightest	AGN	Flare-		
3C	279	June	2015	

CTA	Symposium-	Andrew	Taylor	

Romoli	et	al.,	
Astropart.Phys.	88	38-45	
(2017)		
	

Values	obtained	on	a	3	days	integra@on	
Note-	X-ray	observa@ons	during	flare	
indicated	that			� = 1.17± 0.06

16	

Study	using	the	expected	
CTA	performance	
Fermi	data	integrated	
over	3	days	
Constraint	on 	 		
parameter	at	10%	level	
obtained	during	only	0.5	
hr	flare!	
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Conclusion	

•  Nearby	extragalac@c	cosmic	ray	sources	must	exist	

•  Further	probe	of	the	Galac@c	center	s@ll	needed	to	
understand	nature	and	limita@ons	of	source	

•  The	probe	of	nearby	candidates	is	helping	to	put	the	
pieces	in	place	about	how	these	accelerators	operate	

•  The	@me	domain	holds	key	poten@al	for	probing	sources,	
which	CTA	is	par@cularly	suited	to	take	advantage	of	



A	Simple	Case	(II)-	q=1,	only	escape	

•  Rearranging	the	terms	(and	explicitly	sta@ng	the	
dependences	from	p	of	the	parameters):	

	

Cutoff	comes	from	balancing	
1st	and	3rd	term	
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Observa<on	of	Cut-offs	in	Gamma-
ray	Spectra	
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•  Test	case-	Vela	Pulsar	(brightest	source)	

•  Note-	MCMC	method	used	to	explore	
‘good-fit’	region.	This	has	the	benefit	of	
being	stable	on	the	landscape	being	
explored	

dN

dE�
/ E��

� e�(E�/Emax

)��

Romoli	et	al.,	Astropart.Phys.	88	38-45	
(2017)		
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Observa<on	of	Cut-offs	in	Gamma-
ray	Spectra	

•  Brightest	AGN	Flare-		
3C	454	Nov	2010	

CTA	Symposium-	Andrew	Taylor	

•  Indica@ng	a	cut-off	value	of	the	primary	
par@cles	around	1	GeV	

•  Caveats:	
•  Values	obtained	on	a	7	days	

integra@on	(for	sta@s@cs)	
•  Spectrum	variable	during	the	flare	-

>	superposi@on	effects?	Romoli	et	al.,	Astropart.Phys.	88	38-45	
(2017)		
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3C	279	June	2015	Flare-		
Temporal	Evolu<on	

21	
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Can	We	Do	BeUer	Already?		
Fermi	+	H.E.S.S.II	Fit	

•  Joint	fit	of	Fermi-LAT	
data	(9	hours	centred	
on	HESSII	obs.)	taken	
on	night	2	

•  		�� = 0.34+0.32
�0.14



Cut-off	Shape-	Electrons	&	Photons	
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O’Sullivan	et	al.	2009	(0903.1259)			

E
max

⇡ 1018eV

tacc ⇡ 0.1 Myr

Further Acceleration Further Out? 
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Diagram taken from Ferrari -1998  
Rlar =

�scat

⌘
R

MaUhews	et	al.	2019	(1902.10382)			

RLar(10
18eV p) ⇡ 100 pc
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26	

Prosekin	et	al.	(1203.3787)		 Taylor et al. (1101.0932)  

Future	Probes-	
Temporal	Structure	
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Possibility	that	emission	comes	
from	much	higher	energy	emission	
(poten@ally	from	proton	
losses……)	
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