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(Extreme) HBLs (+ Misaligned Versions)  
as UHECR Sources	
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Particle Acceleration in AGN	

tacc = ⌘
Rlar

c�2

Rlar =
�

⌘
RMaximum	energy	

(Hillas	criterion)	

tesc. =
R2

⌘cRlar

AM	Hillas	(1984)	
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Andrew	Taylor	AM	Hillas	(1984)	

Compactness of UHECR Sources: 
Proton/Nuclei Synchrotron Losses 

⌘ ⇡ 1 assumed	in	above	plot	
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Particle Acceleration with Cooling	
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Maximum	synchrotron	energy	tells	us	how	efficient	accelerator	is!	

⌘ < 103



Future	Probes-	Cutoff	Region	

5	
Andrew	Taylor	
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Emission Site?	
Where	are	the	misaligned	(X)HBLs?	

Cen	A	

Hardcastle	et	al.	(1103.1744)		

~2	kpc	
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Emission Site?	
Where	are	the	misaligned	(X)HBLs?	

Cen	A	

Hardcastle	et	al.	(1103.1744)		

2.8	kpc	

VLA	Map	

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

Future	Probes-	
Temporal	Structure	
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Where	does	the	energy	flux	go?	
(or	do	these	CR	propagate	
unimpeded?)….energy	is	
conserved	a\er	all	

MagneWc	horizon	effect	

Kascade-Grande	Coll.	(2013),	1304.7114		



Why	Consider	UHECR	to	Understand	
the	GalacOc/ExtragalacOc	TransiOon?	

•  Since	the	ankle	feature	appears	at	an	energy	of	~1018.6	eV,	a	
new	extragalacWc	source	class	is	presumed	to	begin	to	
dominate	here	(in	the	first	instance)	

•  InformaWon	obtained	about	this	source	class	from	
invesWgaWons	into	the	UHECR	sources	may	provide	new	
insights	into	GalacWc-ExtragalacWc	transiWon	energy	
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Cosmic	Ray	Proton	
InteracOons	

p	 γ	
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Cosmic	Ray	Nuclei	
InteracOons	
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AssumpOons	on	Source	PopulaOon	

dN

dVC
/ (1+ z)n

E
Z,max

= (Z/26)⇥E
Fe,max

dN

dE
/ E�↵

exp[�E/E
Z,max

]

z < z
max

n = �6, �3, 0, 3

13	

Note-	magneWc	field	horizon	effects	are	neglected	in	the	following.	This	
amounts	to	assuming:	
ie.	the	source	distribuWon	may	be	approximated	to	be	spaWally	conWnuous	
(also	note,	presence	of	tH	term	comes	from	temporally	conWnuous	
assumpWon)	

ds < (ctH�scat)
1/2



Local Scales Effect Highest Energies: 
Analytic Treatments 

(logarithmic scale) 

14	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	



How Far is the Nearest Source? 

Silicon- L<60 Mpc 

Iron- L<80 Mpc 

Taylor et al. (2011), 1107.2055  

15	

Fargion et al. (2015), 1412.1573  

Andrew	Taylor	

De Marco et al. (2006), 0603615  



MCMC	Likelihood	Scan:	
Spectral	+	ComposiOon	Fits	

n=3	evoluWon	result	

L(fp, fHe, fN, fSi,Emax,↵) / exp(��2/2)
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Aloisio	et	al.	(2014),	1312.7459		
Di	Ma_eo	et	al.	(2015),	ICRC	2015	
Zirakashvili	et	al.	(2017),	1701.00820		



MCMC	Likelihood	Scan:	
Soa	Spectra	SoluOons	
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L(fp, fHe, fN, fSi,Emax,↵) / exp(��2/2)

Taylor	et	al.	(2015),	1505.06090	
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MCMC	Results	Table	

Hard	spectra	preferred	for	
source	evoluWon	following	
that	of	the	SFR	

Flaker	spectra	
preferred	for	negaWve	
source	evoluWon	 18	

Taylor	et	al.	(2015),	1505.06090	



High	Spectral	Peaked	Blazar	EvoluOon	

Ajello	et	al.	(2014),	1310.0006	

• Reminder:		
Blazar	->	BL	Lac	(FR1)	->	HSP	
	
• Supports	idea	that	FSRQ	(gas	
accreWng)	AGN	evolve	into	BL	
Lac	(gas	starved)	AGN	

n=-6	evoluWon	result	

Archetypal	HSP	
example	Mrk	501	

19	

Ueda	et	al.	(2003),	0308140	



Universality	of	Cascade	Spectra	

20	

Berezinsky	et	al.	(2016),	1603.03989	
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Secondary	(Guaranteed)	Gamma-Ray	Fluxes	
From	>1018.6eV	UHECR	Component	
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n=3	to	-6	evoluWon	
scenarios	give	rise	to	
between	40%	and	12%	
of	Fermi	limit	
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IGRB	(EGB	with	resolved	points	sources	
removed)	

A	similar	conclusion	is	reached	by		
Gavish	et	al.	(2016),	1603.04074	
	
	



Does	a	Separate	Class	of	ExtragalacOc		
Source	Dominate	Below	the	Ankle?	
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n=3	to	-6	evoluWon	scenarios	give	rise	to	
between	100%	and	40%	of	Fermi	limit	
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23	23	23	Taylor	et	al.	(2015),	1505.06090	

Ankle	Energy	

Cascade	ContribuOon	from	the	Postulated	
Sub-Ankle	Populated	

GiacinO	et	al.	(2015),	1502.01608	



General	Problem	for	Cascade	ContribuOon?		

Fermi	Coll.	(2015),	1511.00693	
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“Our	analysis	permits	us	to	esWmate	that	
point	sources,	and	in	parWcular	blazars,	
explain	almost	the	totality	(86+16-14	%)	of	
the	>50	GeV	EGB.”	
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24	

Using	Photon	FluctuaWon	Analysis,	the	
Fermi	collaboraWon	pushed	a	factor	of	
~10	below	the	2FHL	sensiWvity			
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conservaWve	flux	upper	limit	at	50	GeV	
Liu	et	al.	(2016),	1603.0322)	



Conclusions	
	

•  (Extreme)	HBL	blazars	promote	themselves	as	efficient	parWcle	accelerators	
via	their	high	energy	synchrotron	emission	

	
•  Local	sources,	<	80	Mpc,	must	exist!	Where	are	the	misaligned	(extreme)	

HBL	counterparts?	

•  Lower	energy	UHECR	and	GeV	gamma-rays	provide	a	complimentary	probe	
of	the	cosmological	source	distribuOon	

•  A	negaOve	source	evoluOon	allows	for	an	E-2	type	spectra	to	explain	CR	
above	the	ankle	(such	an	evoluWon	is	observed	for	the	HBL	blazars)	

	
•  New	diffuse	gamma-ray	background	limits	are	challenging	for	both	posiOve	

and	no-evoluOon	scenarios	which	account	for	sub	Ankle	extragalacWc	
protons	

	
•  An	“understanding”	of	UHECR	sources	is	possible	through	an	understanding	

of	AGN	gamma-ray	emission	at	very	high	energies!	
26	
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Hard	X-Ray	Source	EvoluOon	

Ueda	et	al.	(2003),	0308140	

In	a	similar	manner	to	BL	Lac	
blazars,	the	low	luminosity	
hard	X-ray	sources	(Seyferts)	
have	also	been	suggested	to	
indicate	a	negaWve	evoluWon	
with		redshi\	
	



Secondary	Neutrino	Fluxes	
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Taylor	et	al.	(2015),	1505.06090	
Globus	et	al.	(2017),	1703.04158	



.....and	Radio	Galaxy	ContribuOons	
SOll	Not	Removed	

29	
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Radio	Galaxy	
contribuWons	are	
expected	to	make	up	a	
significant	fracWon	of	the	
remaining	IGRB.	

Note	level	of	AGN	
gamma-ray	generated	
cascades	

	Inoue	et	al.	(2011),	1103.3946	
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Proton	Fed	Blazar	Emission	Model	

30	

•  Kusenko	&	Essey	have	spearheaded	the	suggesWon	that	some	
TeV	blazars	are	powered	through	proton	losses	in	the	presence	of	
weak	(10-15	G)	extragalacWc	magneWc	fields		

•  If	this	is	the	case,	some	subset	of	the	component	of	resolved/
unresolved	blazars	should	not	be	removed	from	the	EGB	

•  However	these	blazars	would	not	be	expected	to	show	short	
Wme-scale	variability	structure	

Prosekin	et	al.	(2012),	1203.3787		

BEGMF = 10�15 G, � = 1 Mpc

1 yr



Source	Redshias	ContribuOng	to	
Arriving	Flux		
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General	Problem	for	Cascade	
ContribuOon?		

Fermi	CollaboraWon	(2015)-	astro-ph/1511.00693	
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“Our	analysis	permits	us	to	esWmate	that	point	
sources,	and	in	parWcular	blazars,	explain	almost	the	
totality	(86+16-14	%)	of	the	>50	GeV	EGB.”	
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The	Origin	of	Protons	Below	the	Ankle	
Sources	at	120	Mpc	

If	only	1%	of	EGB	comes	from	sub-
ankle	UHECR	(present	limit	is	
14%),	we	will	be	forced	to	look	
extremely	locally	for	their	sources	

Liu	et	al.	(2016),	1603.03223	



The	Origin	of	Protons	Below	the	Ankle	
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Note-	IGRB	
contribuWon	from	
cascade	losses	
rather	independent	
of	source	spectra	

SFR	evoluWon	scenario	 no	evoluWon	scenario	

Liu	et	al.	(2016),	1603.03223	

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



An	AlternaOve	InterpretaOon	of	the	
NegaOve	Source	EvoluOon	Result	

At	high	energies,	the	negaWve	evoluWon	scenarios	help	resolve	both:		
•  “hard	spectrum”		
•  “IGRB	over-producWon”		
problems.	
	
AlternaWvely,	these	scenarios	may	simply	be	encapsulaWng		
the	fact	that	we’ve	a	local	dominant	source	and	our	local	value	for		
UHECR	is	well	above	the	“sea	level”!	

35	



Hard	Spectra	Problem	
MagneWc	horizon	suppression	suggested	to		
resolve	“hardness”	issue,		
Mollerach	et	al.	(2013),	1305.6519	

“RealisWc”	field	structures/strengths,		
however,	don't	provide	sufficient		
suppression,	
Alves	BaOsta	et	al.	(2014),	1407.6150	
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ComposiOon-	Consider	Nuclei?	
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The	Importance	of	the	GalacOc	
Diffuse	Emission	

38	
Globus	et	al.	(2017),	1703.04158	
Berezinsky	et	al.	(2016),	1606.09293	
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