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7.	More	Experimental	Results.	The	Final	Exam.	

CHARGED	COSMIC	RAYS	
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•  Charged	CR	arrive	to	the	Solar	System	after	deflection	from	the	
galactic	B	(~1		µG)	and	possibly	by	extragalactic	B	

•  Close	to	the	Earth	they	start	interacting	with	B	up	to	O	(1G).	Fluxes	of	
charged	particles	at	energies		<1-2	GeV,	can	thus	be	influenced,	e.g.,	
by	the	solar	cycle.	

•  Cosmic	rays	are	basically	protons	(~90	%)	and	heavier	nuclei.	The	e-		
flux	at	the	top	of	the	atmosphere	is	small	(a	few	per	mil)	but	
extremely	interesting	as	it	may	indicate	unknown	astrophysical	or	
DM	sources		

•  e+	fluxes	are	even	smaller	(about	4	orders	of	magnitude)	and	so	far	
compatible	with	secondary	production	by	hadronic	interactions	of	
primary	CR	with	the	interstellar	medium.	Up	to	now	there	is	no	
evidence	for	the	existence	of	heavier	anti-nuclei	(in	particular	anti-
deuterium	and	anti-helium)	

Composition,	energy	dependence		
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•  At	E~1	GeV,	1000s	of	particles/m2/s)	
while	strong	cutoff	at	E	~	1019.5		eV.	
At	the	highest,	E	~		1011		GeV,	<	1	
particle/km2/century.		

•  At	the	end	of	the	known	spectrum	
CR	have	energies	>>	the	highest	
beam	energies	attained	in	any	
human-made	accelerator	and	their	
interactions	on	the	top	of	the	Earth	
atmosphere	have	cm	energies	~	few	
hundred	TeV		

•  Low	fluxes	at	VHE	energies:	one	can	
study	the	energies	up	to	the	~	1	PeV	
with	satellites,	while	above	rely	on	
ground-based	detectors.		

Energy	spectrum	
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•  Above	a	few	GeV	the	CR	flux	follows	a	
power	law,	
	 	I	(E	)	≅	k	E-p		

	p	between	2.7	and	3.3.	
•  Below	a	few	GeV,	flux	modulated	by	the	

solar	activity	and	in	particular	by	solar	B	
–  Effects	variable	in	time	

•  The	small	changes	in	p	can	be	visualized	
multiplying	the	flux	by	some	power	of	the	
energy.	Anthropomorphic	representation:	
2	clear	features	corresponding	to	changes	
in	the	spectral	index	

–  The	knee	around	E	~		5	PeV,	associated	to	the	
transition	from	galactic	to	EG	cosmic	rays;	it	
corresponds	to	a	steepening	from	p~2.7	to	p~3.1	

•  Second	knee	at	E~	400	PeV?	

–  The	ankle	around	E~	5	EeV	and	its	nature	is	still	
controversial	

•  From	~10	GeV	to	>>	100	TeV	

Energy	spectrum	
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•  Not	a	well-defined	problem:	it	depends	on	where	experiments	are	performed.	One	
could	try	a	schematic	separation	between	“primary"	cosmic	rays	as	produced	by	
astrophysical	sources	and	“secondaries”,	i.e.,	produced	in	interactions	of	the	
primaries	with	ISM		or	with	nuclei	in	the	atmosphere.		

•  Li,	Be	and	Bo,	for	example,	are	very	rare	products	in	stellar	nucleosynthesis,	and	
thus	are	secondary	particles,	as	well	as	antiprotons	and	positrons-if	some	
antimatter	is	primary	is	a	question	of	primary	interest	

•  The	interaction	with	the	Earth's	atmosphere	is	particularly	important	since	it	
changes	drastically	the	composition	of	cosmic	rays.	In	the	cases	in	which	the	flux	of	
cosmic	rays	has	to	be	measured	at	ground	one	needs	nontrivial	unfolding	
operations	to	understand	the	primary	composition	

•  What	one	observes	is	a	cascade	shower	generated	by	a	particle	interacting	with	the	
atmosphere,	and	the	unfolding	of	the	fundamental	properties	(nature	and	energy	
of	the	showering	particle)	requires	the	knowledge	of	the	physics	of	the	interaction	
at	energies	never	studied	at	accelerators:	experimental	data	are	thus	less	clear	

•  Accessing	the	composition	of	cosmic	rays	can	be	done,	in	the	region	below	a	few	
TeV,	at	the	top	or	above	the	Earth	atmosphere	by	detectors	placed	in	balloons	or	
satellites	able,	for	example,	of	combining	the	momentum	measurement	with	the	
information	from	Cherenkov	detectors,	or	transition	radiation	detectors.	

Composition	
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•  Nucleons	with	even	number	of	nucleons	
are	more	stable,	having	higher	binding	
energy	because	of	pairing	effects.	

•  On	top	of	this,	primary	CR	are	produced	in	
stellar	end-products,	being	the	“valley"	
elements	mainly	secondaries	produced	in	
the	interaction	of	the	primaries	with	the	
ISM	(“spallation").	

•  Direct	composition	measurements	are	not	
possible	above	a	few	hundred	GeV.	For	
EAS	detectors,	effective	at	higher	energies,	
being	able	to	distinguish	between	a	
shower	generated	by	a	proton	or	by	a	
heavier	particle	is	difficult	

–  the	muonic	contents	of	the	air	shower;		
–  depth	of	the	maximum	of	the	shower,	Xmax	

•  Experimental	evidence	that	the	chemical	
composition	of	cosmic	rays	changes	after	
the	knee	with	an	increasing	fraction	of	
heavy	nuclei	at	higher	energy,	at	least	up	
to	about	1	EeV	

Composition	
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Primaries	and	secondaries	
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	Electrons	and	Positrons	
•  HE	e+	and	e-	have	short	propagation	

distances	(~100	pc)	as	they	lose	energy	
through	synchrotron	and	IC	while	
propagating	through	the	Galaxy.		

•  Their	spectra	are	therefore	dominated	by	
local	e	accelerators	or	by	the	decay/
interactions	of	heavier	particles	nearby.	
Positrons	in	particular	could	be	the	
signature	of	the	decay	of	DM	particles.	

•  The	experimental	data	on	the	flux	of	e-	
plus	e+	suggested	in	a	recent	past	the	
possible	evidence	a	bump-like	structure	
(ATIC	balloon	experiment	results)	at	
energies	between	250	and	700	GeV.	

•  These	early	results	were	not	confirmed	by	
later	and	more	accurate	instruments	like	
the	Fermi	LAT,	AMS-02,	DAMPE	

9	

Positrons	•  Excess	in	the	HE	e+	fraction	with	respect	
to	standard	sources	(pulsars)	and	
interactions	of	CR	with	the	ISM,	first	
observed	by	PAMELA	and	thus	called	the	
PAMELA	effect,	was	clearly	confirmed	by	
AMS-02	

•  In	a	matter-dominated	Universe,	one	
would	expect	this	ratio	to	decrease	with	E,	
unless	specific	sources	of	positrons	are	
present	nearby.		

–  If	these	sources	are	heavy	particles	decaying	into	
final	states	involving	e+,	one	could	expect	the	
ratio	to	increase,	and	then	steeply	drop	after	
reaching	half	of	the	mass	of	the	particle.		

–  If	an	astrophysical	source	of	HE	positrons	is	
present,	a	smooth	spectrum	is	expected	instead.		

•  The	present	data	is	compatible	with	an	
hypothetical	DM	particle	with	a	mass	of	~1	
TeV,	but	there	is	not	a	definite	answer	yet.	
The	most	recent	data	on	the	abundance	of	
high-energy	pulsars	nearby	might	justify	
an	astrophysical	explanation	of	this	excess	
but	not	the	results	in	antiproton	 10	
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Antiprotons	
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Muons	
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UHECR	
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UHECR:	
Composition	
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UHECR:	
Composition	
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UHECR:	Sources	
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UHECR	Sources	
	•  Due	to	the	GZK	horizon	and	to	EG	

B	(1	nG	-	1	fG),	the	number	of	
sources	is	relatively	small	=>	some	
anisotropy	could	be	found	
studying	the	arrival	directions	of	
UHECR	

•  Indication	for	intermediate-scale	
anisotropy,	correlated	to	nearby	
AGN	reported	by	Auger	

•  In	~30	000	CR	with	E>8	EeV	
recorded	in	12	years,	
corresponding	to	a	total	exposure	
of	76,800	km2		sr	yr,	Auger	has	
seen	at	>	5.2σ	a	dipole	anisotropy	
of	about	6.5%		

•  After	correcting	for	B,	the	direction	
is	consistent	with		the	flux-
weighted	dipole	from	nearby	AGN	

17	

UHECR		
individual	sources?	

•  In	2007	the	Pierre	Auger	collaboration	
claimed	with	a	signicance	>3σ		a	hot	spot	
near	the	Centaurus	A	AGN,	at	a	distance	of	
about	4	Mpc.	Cen	A	is	also	a	VHE	gamma-
ray	emitter.	

•  However,	the	data	collected	after	2007	
have	not	increased	the	signicance	of	the	
detection.	

•  The	Telescope	Array	Project	observes	at	
energies	above	57	EeV	a	hot	spot,	with	
best	circle	radius	25	degrees,	near	the	
region	of	the	Ursa	Major	constellation.	

18	
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TXS	0506	+056:	The	IceCube	neutrino	

v	

µ	

Eµ,seen	~	20	TeV	
Ev	~	300	TeV		
Ep	~	6	PeV	– 10	PeV	EXP	

TH	 Ep	~	10	PeV	–	20	PeV	
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(L.	Foffano)	

z	~	0.34	

20	
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IceCube:	Ep	~	10	PeV	
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•  Background	
probability	extremely	
low	

•  Independent	informations:	
– Neutrino	flux	(column	density,	

cutoff	energy	for	protons)	
– Gamma	SED	(column	density,	

shape	of	the	proton	yield)	
– MW	SED	quiet/in	flare:	e/p	ratio	
– Degradation	of	energy	between	

gamma	and	neutrino:	column	
density	

GAMMA	RAYS	

22	
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•  The	experimental	data	on	the	
diffuse	photon	radiation	span	some	
30	energy	decades.	A	bump	is	
visible	corresponding	to	the	CMB	

•  The	general	behavior	can	be	
approximated	by	an	energy	
dependence	as	a	power	law	~E-2.4			

•  A	cutoff	at	energies	~1	TeV	might	
be	explained	by	the	absorption	of	
higher	energy	photons	by	
background	photons	near	visible	
populating	the	intergalactic	
medium	through	creation	of	e+e-		
pairs	

Diffuse	spectrum	

24	



06/03/18	

13	

Sources	of	gamma	radiation	(and	CR?)	
Fermi	8-year	catalog:	~5500	sources	

25	

•  Short	timescale	variability	
observed	inseveral	astrophysical	
objects,	both	galactic	and	
extragalactic,	in	particular	binary	
systems,	and	AGN.		
–  For	binary	systems	the	variability	is	

quasiperiodical	and	can	be	related	to	
the	orbital	motion	

–  for	AGN	it	is	in	general	related	to	
some	cataclysmic	events;	this	is	the	
phenomenon	of	flares	

•  T	<<	Rs/c	=>	Evidence	of	acceleration	in	
jets	

•  Limits	on	LIV	

–  Flares	observed	from	Crab	Nebula	
have,	as	today,	no	universally	
accepted	interpretation.	

	Transient	Phenomena	

PKS2155	

26	
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GRBs	
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•  Evidence	of	CR	acceleration	in	SNRs	
–  Several	sources		
–  A	couple	of	PeVatrons	(one	in	the	GC,	the	other	is	

Crab	Nebula)	

•  Evidence	of	>	PeVatron	in	a	blazar	

•  The	diffuse	neutrino	flux	can	be	related	to	
the	diffuse	photon	flux		

Gamma	rays	and	CR	accelerators	

ep

ep

dE
dN

dE
dN

,
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γ

γ
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Searches	for	DM	

LAT	7	Year	Sky	>	1	GeV	

																	Satellites	
Low	background	and	good	
source	id,	but	low	statistics	

				Galactic	Center	
Good	statistics,	but	source		
confusion/diffuse	background	

						Milky	Way	Halo	
Large	statistics,	but	diffuse	
background	

   Isotropic contributions 
Large statistics, but astrophysics, 
galactic diffuse background  

        Spectral Lines 
Little or no astrophysical uncertainties, good 
source id, but low sensitivity because of 
expected small branching ratio Galaxy	Clusters	

Low	background,	but	low	statistics	

•  Something	marginal	from	
the	GC	at	~	40	GeV	(but	very	
confuse	region)	

•  No	signal	from	satellites	
•  Room	for	sensitivity	

improvement	

Searches	for	DM	

χ	 χ	

W+	

W-	

e+	 ν	 q	

q	

p	

π0	

γ	 γ	

e+	

γ	
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NEUTRINOS	

31	

Astrophysical	neutrinos	
•  Experimental	data	on	astrophysical	neutrinos	are	scarce:	

their	small	cross	section	makes	the	detection	difficult.	We	
discussed	in	Chap.	4	the	problems	of	neutrino	detectors	

•  Up	to	now	we	detected	astrophysical	ν	from		
–  the	Sun	
–  the	center	of	the	Earth	
–  the	supernova	SN1987A	
–  one	EHE	neutrino	from	the	blazar	TXS	0506	+056	
–  diffuse	VHE	astrophysical	νs	that	we	are	can’t	locate	the	origin	of	

•  The		(low-energy)	ν	from	the	Sun	(and	shortly	from	the	
Earth)	are	discussed	in	Chap.	9	and	will	be	the	subject	of	a	
Seminar;	hereafter	we	review	briefly	the	ν	produced	in	
SN1987A	and	the	VHE	IceCube	data	 32	
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•  On	Feb	23,	1987,	a	SN	was	observed	in	the	
LMC,	a	satellite	of	the	Milky	Way	(about	~1%	
of	the	mass	of	our	Galaxy),	about	50	kpc	away	

–  Also		the	first	SN	since	1604	visible	with	naked	eye	
–  Collapse	of	the	star		Sanduleak-69202,	of	mass	~20	MS	

•  ~3h	before	optical	detection,	a	bunch	of	
neutrinos	was	observed	on	Earth.		

•  Three	water	Cherenkov	detectors:	
Kamiokande,	IMB,	and	the	Baksan,	observed	
12,	8,	and	5	neutrino	interaction	events,	
respectively,	over	a	13	s	interval	

•  Within	the	limited	statistics	achieved	by	these	
1st-generation	detectors,	number	of	events	
and	burst	duration	consistent	with	standard	
estimates	of	the	energy	release	and	cooling	
time	of	a	SN.	Energy	of	neutrinos	inferred	from	
the	energy	of	the	recoil	electrons	~10	MeV	
range,	consistent	with	the	origin	from	a	
collapse	of	a	star	of	that	mass	

•  No	(V)HE	gamma	rays	

 SN1987A in the Large Magellanic Cloud 

•  	Fundamental	properties	of	neutrinos:	
–  ν	arrival	time	distribution	=>	mν	<	10	eV	
–  No	spread:	µ	<	10-12	µB	

–  Optical	delay:	|v-c|/c	<	2	10-9	

33	

•  IceCube	reported	for	the	1st	time	in	
2013	the	detection	of	astrophysical		νs;	
now	the	evidence	is	much	stronger	and	
~1	astrophysical	neutrino/month	
collected	

•  The	experimental	problem	is	linked	to	
the	relatively	large	background	from	
atmospheric	muons,	which	are	recorded,	
even	at	a	depth	of	1450	m,	at	a	rate	of	
about	3000	per	second.	Two	methods	
are	used	to	identify	genuine	ν	events:	
–  Use	the	Earth	as	a	filter	remove	the	huge	

background	of	CR	muons.	i.e.,	look	only	
to	events	from	the	bottom	

–  Identify	νs	interacting	inside	the	
detector:	divide	the	instrumented	
volume	of	ice	into	an	outer	veto	shield	
and	a	500	megaton	inner	fiducial	volume.	
Total	absorption	calorimeter,	and	one	
can	have	an	energy	estimate.		

 Diffuse VHE astrophysical neutrinos 

•  Physics	result:	
–  No	clustering	
		

34	
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•  Energy	and	zenith	angle	
dependence	is	consistent	with	
expectations	for	a	flux	of	
neutrinos	produced	by	cosmic	
accelerators	-	a	purely	
atmospheric	component	is	
excluded	at	more	than	7	sigma.	

•  The	cosmic	neutrino	flux	
dominates	the	atmospheric	
background	above	an	energy	~30	
TeV		

	Diffuse	VHE	astrophysical	neutrinos	

-	

35	

GRAVITATIONAL	RADIATION	
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•  The	graviton,	a	massless	spin	2	particle	
(condition	required	by	the	fact	that	
gravity	is	attractive),	is	the	proposed	
mediator	of	any	FT	of	gravity.	Einstein	
had	sentenced	that	it	was	“impossible	to	
detect"	experimentally.	However,	
evidence	of	gravitational	radiation	have	
been	demonstrated	

•  In	1974,	Hulse	and	Taylor	(Nobel	prize)	
observed	that	the	orbital	T	of	the	binary	
pulsar	PSR	1913+16	was	decreasing	in	
agreement	with	the	prediction	of	
Einstein	GR	(about	40	s	in	30	years).	Such	
system	is	composed	by	two	NS	~1.4	solar	
masses;	the	period	is	~7.75	h	and	the	
maximum	and	minimum	separation	are	
4.8	and	1.1	solar	radii		

•  The	gravitational	waves’	direct	
observation	is	out	of	the	reach	of	the	
present	GW	detectors;	however,	they	
have	been	found	from	the	study	of	dT/dt	

 Gravitational waves 
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•  On	September	14th,	2015,	the	two	LIGO	
detectors	observed	simultaneously	a	
large	and	clear	GW	signal	that	matches	
the	prediction	of	GR	for	the	coalescence	
of	a	BH-BH	system	

•  The	observed	amplitudes	(strain),	are	
~10-21		and	the	frequencies	are	in	the	
range	35	Hz	to	250	Hz.	The	masses	of	
initial	BHs	were	estimated	to	be	~	36±5	
and	29±4	MS	and	the	final	BH	62±4	MS	.	
The	distance	was	~400	Mpc.	

 First direct evidence 

38	
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3	phases	are	well	identified:	
1.  Inspiral		:	the	approach	of	the	2	BH;	

frequency	and	amplitude	increase	
slowly;	

2.  Merger	:	the	merging	of	the	two	BHs;	
frequency	and	amplitude	increase	
rapidly;	

3.  Ringdown	:	the	newly	formed	BH	is	
distorted	and	rings	down	to	its	final	
state	by	emitting	radiation	and	the		
amplitude	decays	exponentially	as	time	
goes	by.	After	this	stage,	there	is	only	a	
single,	quiet	BH		

 The mechanism 

39	

•  Four	more	events	were	observed	by	LIGO	
respectively	in	December	2015,	January	
2017	(2),	August	2017,	again	interpreted	as	
the	coalescence	of	binary	black	hole	
system	

–  Two	seen	by	VIRGO	(improved	localization)	
–  See	the	masses	

•  And	a	special	one:	GW170817	

 Many events 

40	
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•  100	s		starting	from	a	~24	Hz	for		~3000	cycles,	increasing	in	
amplitude	and	frequency	to	a	few	hundred	Hz	

•  GRB	170817A,	a	sGRB,		detected	by	Fermi	GBM	1.74±0.05	s	after	the	
merger	time	at	~80	keV	and	lasting	a	few	s;	confirmed	by	INTEGRAL	

•  Optical	localization	at	~40	Mpc;	non-pointing	axis	(~30	degrees)	
•  Two	NS	of	~1.4	MS,	generating	a	sGRB;	released	energy	>0.025	MSun	

 GW170817: proof of MM astrophysics 

41	

•  Seen	by	Fermi	GBM,	INTEGRAL,	Chandra	
•  Extends	to	~300	keV	

 GW170817: the gamma-ray counterpart 

42	
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•  Speed	of	GW/Speed	of	light	
•  Coalescence	rate	of	NS,	BH	
•  NS-NS	systems	are	progenitors	of	sGRB	
•  More	stellar	mass	BHs	than	we	thought	
•  …	

 Many things we learned from GW 
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ABOUT	THE	EXAM…	

44	



06/03/18	

23	

45	

46	


