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PublicaCon		A	hystorical	event		
ü A	guest	star	in		the	5th	month	of	the	1st	year	
	of	Chih-ho	rein	(July	4th,	1054)	in	the	South-East		
of	Thien-Kaun	(Taurus	constellaCon)	(Duynvendak	1942)	
ü  Recorded	by	Japanese	&	Pueblo	people	(Arizona)	
	

ü  In	1921	Lundmark:	the	guest	star	is	close	to	NGC	1952	
ü  In	1921	Duncan	studied	radial	movements	of	NGC	1952		
ü NGC	1952	nebula	=	the	guest	star	(Hubble	1928)	

ü  In	1771	Messier:	looking	for	the	halley	comet	found	M1	
ü  In	1844	Lord	Rosse:	first	to	detect	the	filamentary	structure	

Duncan	1921	
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PublicaCon		The	impact	on	the	high-energy	astrophysics	
ü  ConCnuous	brighter	(Baade1942):	just	few	%	is	line	emission,	concentrated	on	filaments	

(Minkosvski1942)	

ü  First	radio	source		(Bolton&Stanley1948)	
ü  a	compact	radio	source	in	the	center	(Hewish&Okoye	1964;	Andrew+1964	)		

	

ü  Non-thermal	radiaCon:	synchrotron		(Shklovsky	1953)	
ü  PolarizaCon	as	synchrotron	signature	(Gordon	1953)	

	
ü  OpCcal	(Dromvoski1954,Woltjer1957)	&	radio	(Mayer+1957,		

Andrew+1967,	Wright+1970,Wilson+1972…)	polariza=on	varying		
in	intensity	and	PA	across	the	nebula	

ü  DetecCon	of	the	pulsar	(Staielin&reifenstein,	Cocke1969)		
associated	with	the	central	star	(Lynds1969)	

ü  Center	of	the	nebula	is	highly	dynamic	&	structured	(Scargle1969)	

Wilson+1972	

Scargle+1969	
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PublicaCon		The	impact	on	the	high-energy	astrophysics	
ü  X-ray	source	(Bowyer+1964,	Oda+1967…)	up	to	500	keV	à	conCnuous	emi_er	

ü  γ-ray	source	(LichT1980,	Clear+1987…)	up	to	400	MeV		
with	COS-B	in	agreement	with	the	X-ray	spectrum		
extrapolaCon	

Wilson+1972	
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Clear+1987	



Modern	astrophysics	can	be	divided	into	two	parts:	
the	Crab	nebula	one	and	the	rest	

(Shklovsky	1973)			

The	impact	on	the	high-energy	astrophysics	

ü a	laboratory	test	case	for	non-thermal	phenomena	in	general	

ü most	of	what	we	know	about	PWNe	comes	from	the	Crab	
nebula	
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Modern	astrophysics	can	be	divided	into	two	parts:	
the	Crab	nebula	one	and	the	rest	

(Shklovsky	1973)			

The	impact	on	the	high-energy	astrophysics	
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Weisskopf+2000	

Bhueler	&	Blandford	2014	

MHD	models	
(Rees&Gunn1974)	
Kennel&CoroniT1984)	

σ	=	0.001-0.003	



A	prominent	role	also	in	the	VHE	field		

ü Hadronic	scenario:	synchrotron	as	secondary	product	of	pp	à	a	copious	
gamma-ray	emission	from	π0	decay	(Cocconi	1954)	

						the	failure	of	the	Crimea	Air	Cherenkov	telescope	called	the	need	for	a	new	process	(Chudakov1963)	
	

ü Expected	IC	scaGering	off	synchrotron	photons	(Gould	1965)	
ü  More	realisCc	spaCal	template	(Rieke&Weekes1969)	
ü  no	δ	approx	but	correct	IC	treatment	(Jones1965,1968)	+		B~1/r	+	electron	spectrum	

from	synch.	with	constant	B-field	(Grindlay&Hoffman1971)		

unambiguous	conclusion	despite	the	different	approximaCons:		
TeV	emission	s=ll	detectable	and	above	COS-B	extrapola=on	
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ü  More	realisCc	spaCal	template	(Rieke&Weekes1969)	
ü  no	δ	approx	but	correct	IC	treatment	(Jones1965,1968)	+		B~1/r	+	electron	spectrum	

from	synch.	with	constant	B-field	(Grindlay+1971)		

ü Claims	of	signal	hints	in	the	70s	&	80s	
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unambiguous	conclusion	despite	the	different	approximaCons:		
TeV	emission	below	COS-B	(synchrotron),	but	s=ll	detectable	

Fazio+1972	
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A	prominent	role	also	in	the	VHE	field		

ü Hadronic	scenario:	synchrotron	as	secondary	product	of	pp	à	a	copious	
gamma-ray	emission	from	π0	decay	(Cocconi	1954)	

						the	failure	of	the	Crimea	Air	Cherenkov	telescope	called	the	need	for	a	new	process	(Chudakov1963)	
	

ü Expected	IC	scaGering	off	synchrotron	photons	(Gould	1965)	
ü  More	realisCc	spaCal	template	(Rieke&Weekes1969)	
ü  no	δ	approx	but	correct	IC	treatment	(Jones1965,1968)	+		B~1/r	+	electron	spectrum	

from	synch.	with	constant	B-field	(Grindlay+1971)		

ü Claims	of	signal	hints	in	the	70s	&	80s	
					(Fazio+1972)	

ü First	established	TeV	source	in	1989	
	(Weekes+1989,	Akerlof+1989)	

unambiguous	conclusion	despite	the	different	approximaCons:		
TeV	emission	below	COS-B	(synchrotron),	but	s=ll	detectable	
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Weekes+1989	



PublicaCon		A	prominent	role	also	in	the	VHE	field	
	

…	given	its	brightness	and	stability		

ü the	most	studied	TeV	source,	belonging	to	the	most	common	class	of	
VHE	emi_ers,	but	not	the	archetypal	
ü keep	surprising	

	
	
	
	
	
	

ü used	as	reference	source	
ü  visible	from	both	Hemispheres	
ü  cross	calibraCon	

	
	

ü first	established	detecCon	of	pulsed	emission	from	ground	
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The	GeV	flaring	sky	



The	90s:	experimental	perspec=ve	

Masterson+2001	

E>20	TeV	

E>47	TeV	E>36	TeV	
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Hillas+1998	

Aharonian+2000	

DjannaT-Atai+1995	

Nolan+1993	

Hillas+1998	

Nolan+1993	

Bailon+1992	

VacanT+1991	

Baillon+1993	
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The	90s:	experimental	perspec=ve	

Masterson+2001	

E>20	TeV	

E>47	TeV	E>36	TeV	

6	

Hillas+1998	

Aharonian+2000	

Baillon+1993	
Tanimori+1998	

Nolan+1993	

Piron+2003	

De	Naurois+2001	



The	90s:	theore=cal	perspec=ve	-	1	
1.	deJager&Hardings1992	&	deJager1996	

ü  Photon	fields:	synchrotron	+	IR	dust	
ü  IC	cross	secCon	
ü  SpaCal	resolved	electron	spectrum:	from		

synch	under	the	assumpCon	of	B	distrib		
à	B	from	MHD	

	

deJager+1992	

deJager+1992	
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The	90s:	theore=cal	perspec=ve	-	2	
2.		Atoyan&Aharonian1996	

ü  Photon	fields:	synch	+	IR	dust	+	CMB	
ü  SpaCal	resolved	electron	spectrum:	from		

injecCon	spectrum	+	propagaCon	model	(KC84)	
ü  2	populaCons	of	electrons		

(αe;r~1.5	&	αe;w	~2.5	&	Ecr	=100-200	GeV)		

Well	fi_ed	for	σ =	0.003-0.001	

Atoyan1996	
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for	σ =	0.003-0.001	No	difference	in	IC	



The	90s:	theore=cal	perspec=ve	-	2	
2.		Atoyan&Aharonian1996	

ü  Photon	fields:	synch	+	IR	dust	+	CMB	
ü  SpaCal	resolved	electron	spectrum:	from		

injecCon	spectrum	+	propagaCon	model	(KC84)	
ü  2	populaCons	of	electrons		

(αe;r~1.5	&	αe;w	~2.5	&	Ecr	=100-200	GeV)		

Predicted	too-low	GeV	flux.	Bo	~160-200	µG	 for	σ =	0.003-0.001	No	difference	in	IC	

Atoyan1996	 Atoyan1996	
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The	90s:	theore=cal	perspec=ve	-	3	

3.	Hillas+1998	
ü  When	exploring	a	limited	region	of	the	nebula	
							à	B-field	is	constant	
ü  PL	electron	spectrum	&	electron	density	Gauss	distributed	following	

the	measured	shrinking	by	fipng	the	synchrotron	measurements		
ü  IR	+	synch	photon	fields	

B0	@	1	TeV	160	µG	
B0	@	1	TeV	100-120	µG	
	

Hillas+1998	
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The	90s:	theore=cal	perspec=ve	-	3	

3.	Hillas+1998	
ü  When	exploring	a	limited	region	of	the	nebula	
							à	B-field	is	constant	
ü  PL	electron	spectrum	&	electron	density	Gauss	distributed	following	

the	measured	shrinking	by	fipng	the	synchrotron	measurements		
ü  IR	+	synch	photon	fields	

B0	@	1	TeV	160	µG	
B0	@	1	TeV	100-120	µG	
	

Hillas+1998	
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Johannes’s	slides		



The	last	15	years:	the	IC	peak	

Buelher+2012	(33months)	

Aharonian+2004	

Aharonian+2006	

Albert+2008	
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The	last	15	years:	the	IC	peak	

Buelher+2012	(33months)	

Aharonian+2004	

Aharonian+2006	

Albert+2008	

Meyer+2010	

ü  1MDG	model	(A&A-like	does	not	provide	good	descripCon	of	the	data:		
spherical	symmetry	too	simplisCc	(Meyer+2010)	

ü  Simplified	approach	(Hillas-like)	has	less	dof	(Meyer+2010)	
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The	last	15	years:	the	IC	peak	

Buelher+2012	(33months)	

Aharonian+2004	

Aharonian+2006	

Albert+2008	

A	modified	LogParabola	(2.5	exp)	is	needed	to	fit	the	data	à	a	flat	peak	
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MAGIC	Coll.		2015	



The	last	15	years:	IC	peak	

HILLAS-LIKE	MODEL		

MAGIC	Coll.		2015	

Meyer+2010	

ü  The	assumpCon	of	the	homogeneity	of	the	B-field	inside	the	nebula	is	
incorrect	

13	



State-of-art	understanding	
COSTANT	B	FIELD	

B<80µG	

ü  2D MHD models reproduce the  
morphology and variability in the inner  
region (Olmi+2016) 
	

14	

2D	MHD	
Weisskopf+2000	



State-of-art	understanding	
COSTANT	B	FIELD	

B<80µG	

ü  2D MHD models reproduce the  
morphology and variability in the inner  
region 
but not B structure on larger scales 
(Volpi+2008) 
	

σ=1.5	

Credits	to	E.	Amato	
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2D	MHD	
Weisskopf+2000	



State-of-art	understanding	
COSTANT	B	FIELD	

B<80µG	

ü  2D MHD models reproduce the  
morphology and variability in the inner  
region 
but not B structure on larger scales 
(Volpi+2008) 
	

σ=1.5	

Credits	to	E.	Amato	

ü  3D	MHD	models	allow	high	magneCzaCon	at		
the	TS	(σ>1) (Porth+2013,	Porth+2014)	

ü   3D	MDH	are	highly	dissipaCve	(Porth+2014)	even	though		
magneCc	dissipaCon	seems	to	become	less	important	
	aser	100	ys	(Olmi+2016)	

ü  Fermi	acceleraCon	unlike		
	

3D	

2D	

14	

Porth+2014	



AcceleraCon	mechanism	

opCcal/X-ray	

radio	

radio	

ü  FERMI	I		
ü  narrow	equatorial	sector	(low	σ)	
ü  opCcal/X-ray	parCcles	(p=2)	
(Spitkovsky2008,	Sironi+2011)	
	

ü  	MAGNETIC	RECONNECTION	
ü  elsewhere	(high	σ)	
ü  radio	electrons	(p=1.5)	
(Lyubarsky2003,	Lyubarsky+2008,		
Sironi+2011)	

	

Fermi	I		

reconnecCon	

reconnecCon	

Olmi+2015	

wisps	at	different λ have	disCnct	velociCes	and	posiCons	
(Bietenholz+2004,	Schweizer+2013)	
																																														à	different	mechanism	at	work	(Olmi+2015)	

24	

Accelera=on	mechanism	



The	last	15	years:	the	VVVHEs	

15	

PRELIMINARY	

Credits	to	Razmik	

ü  ObservaCons	almost	at	the	horizon:	zd	80°-90°	
	



The	last	15	years:	flux	variability	

MAGIC	Coll.	2015	

12%	systemaCc	uncertainty	

ü  	now	searching	for	correlaCon	in	flux	variaCons	in	simultaneous	Crab	observaCons	
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The	last	15	years:	GeV	flares	

12%	systemaCc	uncertainty	

ü  Flux	doubling	in	less	than	8hr	
ü  Impact	emission	region		
									smaller	than	ctlare	=	0.001	pc		

ü  No	obvious	counterpart	at	other		
wavelengthhs		(Weisskopf+2013,	Rudy+2015	

ü  No	IC	enhancement		(H.E.S.S.	Coll.	2014)	

Buelher+2012	

ü  Spectral	variaCons,	hard	spectrum	Γ=1.3	
ü  Exceed	the	synch.	criCcal	energy	

Buelher	&	Blandford.	2014	

Tavani+2011,	LAT2011,	Buelher+2012,		
Mayer+13,	Striani+2013	

17	



The	last	15	years:	GeV	flares	

12%	systemaCc	uncertainty	

ü  	any	counterpart	for	the	GeV	flares?	Some	hints	by	ARGO	(Aielli+2010,	Bartoli+2012)	
	but	no	enhancement	by		any	of	the	IACTs	(H.E.S.S.	Coll.	2014,	VERITAS	Coll.	2014)	

March	2013	flare	

Mayer+2013	

Upper	limit	on	the	Doppler	factor	

VERITAS	Coll.	2014	

H.E.S.S.	Coll.	2014	
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Bykov+2012,	Bednarek+2012,	Clausen-Brown+2012,	Komissarov+2013,	
LyuTkov+2016,	Kirk+2018	



The	last	15	yr:	extension	
MAGIC	Coll.	2008	

Energy	[TeV]	 	σext	

MAGIC		 E>0.5	 2.2'	

HEGRA	 E>5	 1.7'	
HEGRA	Coll.	2004,	MAGIC	Coll.	2008	

Meagher+2015	
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The	last	15	yr:	extension	
MAGIC	Coll.	2008	 σ =	52.2’’±2.9’’±7.8’’	with	TSext=80			

Results	compaCble	with	1-d	MHD	models	
(KC84,	A&A96)	(Holler+2017)	

Holler+2017	

Holler+2017	

H.E.S.S.	Coll.	In	preparaTon	
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An	excep=onal	young	PWN	

ü Crab	is	a	very	efficient	accelerator	
				acceleraCng	electrons	up	to	PeV	
ü  	not	an	efficient	γ-ray	emi_er		

hνcut = 150 η-1 MeV  
Crab: hνcut~ 10-20 MeV ! η~10  

The	Crab	twin	in	the	LMC	

H.E.S.S.	Coll.	2015	

ü  also	the	photon	field	plays	a	role	

B~45µG	
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γ-ray	pulsed	emission	
	

ü  Discovered	in	sos	γ-rays	from	its	discovery	with	baloon	observaCons	(Browning+1971,	Albatz
+1972,	Kinzer+1973,		McBeien+1973,	Parlier+1973,	Graser+1982)	&	with	satellites	SAS-2	(Thompson+1977),	
and	COS-B	(Bennee+1977,	Clear+1987)	

ü  Results	confirmed	by	EGRET:	power-law	spectrum,		
no	emission	above	4	GeV,	harder	bridge	emission		
(Nolan+1993,	Ramanamurthy+1995)	

	

Bennee+1977	

Clear+1987	
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γ-ray	pulsed	emission:	theore=cal	view	

ü  acceleraCon	geometries		
à	regions	of	unscreened	fields:		
																							=	GAPS		

ü  	inside	the	light	cylinder	
ü  accelerated	parCcles	emit		

													curvature	radiaCon	
ü  pair	producCon	

	

Polar	cap:	Sturrock+71,	Ruderman+	75,	Harding+	78,	
Daugherty+82	
Outer	gap:	Cheng+86,	Romani+95	
Slot	gap:	Arons	83,	Muslimov+	03,	04	

to	account	for	parCcles	acceleraCon,	we	need	regions	with		
deviaCons	from	the	free-force	condiCons			
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Start	of	a	new	era:	last	10	yr	

ü  Ecutoff	~17	GeV		
ü  Emission	in	the	outer	magnetosphere	
ü  Big	uncertainCes	on	the	energy	scales		

forbid	to	draw	strong	conclusions	

MAGIC	Coll.	2008	

MAGIC	Coll.	2008	
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Start	of	a	new	era:	last	10	yr	

Outer	gap	model	favored	à	in	agreement	with	the		results	of	the	200	PSRs	from	2PC	

MAGIC	Coll.	2008	

LAT	Coll.	2010	

LAT	Coll.	2010	

1yr	of	Fermi-LAT	data	
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(Second	pulsar	catalog:	LAT	Coll.	2013)	



Start	of	a	new	era:	last	10	yr	
VERITAS	Coll.	2011	

ü  spectral	break	excluded	at	>6σ. 
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Start	of	a	new	era:	last	10	yr	
VERITAS	Coll.	2011	

ü  spectral	break	excluded	at	>6σ. 
ü  P2	is	brighter,	harder,	Ecutoff	>	700	GeV	
ü  one	single	component	from	10	GeV	to	1	TeV?	

MAGIC	Coll.	2012	MAGIC	coll.	2016	

(VERITAS	2011,	MAGIC	2011,	MAGIC	2012,	MAGIC	2014,Richards	2015,MAGIC	2016)
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Start	of	a	new	era:	last	10	yr	
VERITAS	Coll.	2011	 MAGIC	Coll.	2012	MAGIC	coll.	2016	

(VERITAS	2011,	MAGIC	2011,	MAGIC	2012,	MAGIC	2014,Richards	2015,MAGIC	2016)
	

ü  To	avoid	absorpCon	this	emission	must	be	produced	close	or	beyond	the	LC	
ü  TwisCng	the	B	field	the	FF	magnetosphere	is	more	transparent	than	a		

dipole	magnetosphere	(Bogovalov+2018)		
ü  	A	new	mechanism?	Inverse	Compton	inside	the	magnetosphere	(MAGIC	2011,LyuTkov+2012,	

Hirotani)	or	in	the	pulsar	wind	region	(Aharonian+2012,	Petri+2012,	Mochol+2015)		

26	



Towards	a	new	paradigma	

ü  current	sheets	(CoroniT90,	Lyubarsky96,Kirk+02)		
are	important	dissipa=ve	regions	

					(Contopulous+99,	Spitkovosky06…)	
ü  parCcle	acceleraCon	in	the	current		
					sheets	via	magne=c	reconnec=on	
					(Uzensky+14,	Ceruh+15)	

ü  flux	dissipaCon	larger	for	α=0	
	

Ceruh+2017	

ü  dissipaCve	free-force		
à	macroscopic	conducCvity	par.		
(Komissarov07,Spitkovski12,Kalapotharakos+12,	Chen+14)	

ü  free-force-inside-DissipaCve-Outside	
(FIDO)	(Kalapotharakos+14,Brambilla+15)	

ü  PIC	ab-iniCo	(Philippov+14,15,	Chen+14Ceruh+15,16)	
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Towards	a	new	paradigma	

ü  High-energy	emission	may	also	be		
synchrotron	radia=on	(Contopoulos+2014,	

								Ceruh+2015,2016,	Contopoulos2018)	

ü  One	would	then	sCll	need	a	different		
mechanism	to	explain	TeV	emission	

							(an	example:	SSC	Mochol+2015)		
ü  (((	

Ceruh+16	 Ceruh+16	

Mochol+2015	

PARTICLES	 PHOTONS	
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Conclusions	

ü  	Crab	played	an	excepConal	role	in	the	non-thermal	astrophysics		
at	all	wavelengths,	so	did	in	the	VHE	astrophysics	field	

ü  	Reference	source	used	to	study	the	instrument	performance		
given	its	brightness	and	stability		

	
ü  	usually	referred	to	as	archetypal	PWN,	not	even	an	archetypal	young	PWN	

ü Extreme	in	many	respect		
ü The	more	we	dig	the	more	it	surprises	us…		
ü  	the	high-precision	measurements	across	all	wavelengths	make	it		
the	best	laboratory	to	study		

ü Certainly	an	excepConal	PSR,	but	not	anymore	alone	at	VHEs…		
(a	new	era	of	pulsar	physics?)	
	
looking	forward	to	have	a	running	CTA	to	discover	the	next	surprise…		



Thank	you		



MAGIC	observa=ons	at	horizon	

Credits	to	Razmik		



Synchrotron	emiang	electrons	

Atoyan&Aharonian1996	



IC	not	enough	

Atoyan&Aharonian1996	



AcceleraCon	mechanism	

opCcal/X-ray	

radio	

radio	

Crab	is	a	PeVatron,	but	how/where?	

ü  FERMI	I		
ü  narrow	equatorial	sector	(low	σ)	
ü  opCcal/X-ray	parCcles	(p=2)	
(Spitkovsky2008,	Sironi+2011)	
	

ü  	MAGNETIC	RECONNECTION	
ü  elsewhere	(high	σ)	
ü  radio	electrons	(p=1.5)	
(Lyubarsky2003,	Lyubarsky+2008,		
Sironi+2011)	

	

Fermi	I		

reconnecCon	

reconnecCon	

Olmi+2015	

wisps	at	different λ have	disCnct	velociCes	and	posiCons	
(Bietenholz+2004,	Schweizer+2013)	
																																														à	different	mechanism	at	work	(Olmi+2015)	
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Accelera=on	mechanism	



In	1992	

COS-B:	Clear+1987	
Whipple:	VacanT+1991	
THEMISTOCLE:	Baillon+1992	
ASGAT:	Goret+1993		

ASGAT:	2.3σ	signal,		
deliberately	observed	1	offset	



Cross	calibra=on	

Meyer+2010	

E	=	Emeas	sIACT	
sIACT	determined	via	χ2	minimizaCon	

Meyer+2010	

Include	a	constant	bias	in	the	energy	esCmator	Gauss	distributed			
(with	sigma	=	syst.	uncertainty	of	the	single	instrument)	in	the	joint	likelihood	funcCon	
(Deminski+2017,	Nigro+	in	prep.	)	



Joint-fit	

Meyer+2010	

Nigro+	in	prep	



The	last	15	years	

MAGIC	Coll.	2015	

TIME-DEPENDENT	1D	

RevisitaTon	of	model	from	MarTn+2012	

B<80µG	This	fails	to	account	the	energy-dep.	
morphology	



HEGRA	spectral	points	

Aharonian+2000	
MAGIC	Coll.	2015	

TIME-DEPENDENT	1D	

RevisitaTon	of	model	from	MarTn+2012	

B<80µG	This	fails	to	account	the	energy-dep.	
morphology	



Flux	discrepancies	

Tanimori+1998	



March	2013	flare	

~11hr	



A	con=nuos	surprise	



The	90s:	theore=cal	perspec=ve	-	3	

3.	Hillas+1998	
ü  TeV	measurements	are	exploring	a	limited	region	of	the	nebula	
							à	B-field	is	constant	
ü  PL	electron	spectrum	&electron	density	Gauss	distributed	following	

the	measured	shrinking	by	fipng	the	synchrotron	measurements	(δ	
approx)	

ü  IR	photon	field	

B0	@	1	TeV	160	µG	
B0	@	1	TeV	100-120	µG	
	

Hillas+1998	
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