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1)  Observational Cosmology 
Big Bang Nucleosynthesis 
Cosmic Microwave Background 
Supernovae and cosmology 
Clustering of Galaxies (BAO…) 
Dark matter, dark energy 
 

2)  Neutrinos and Proton Decay 
 Neutrino cosmology 
Neutrinos and star evolution: Supernovae  
Non accelerator Neutrino physics (mass, oscillations, 

nature: Dirac, Majorana, sterile)  
Proton decay. 

 
1)   High energy astrophysics (multimessenger approach) 

 cosmic rays 
 Gamma rays 
 Neutrinos 
 Gravitational waves 

WHAT	IS	PARTICLE	ASTROPHYSICS	
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Future	of	Mul+	Messengers	
Astronomy	
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EVEN	EARLIER:	Point	Sources:	
Tantalizing	hot	spot	at	TA	
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	Viktor	Hess	
	

						1912	
	
	
	
DetecFon	of	cosmic		rays	
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	Pierre	Auger	
	
	
	

					1939	
	
	
	
																						DetecFon	of	cosmic	air	showers			
	

11	



	James	Cronin	
Alan	Watson	
	
	

					1989	
	
	
	
																						DetecFon	of	cosmic	highest	energy		air	showers			
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Spectrum	of	Cosmic	Rays	
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	accelerators	

			satellites,	
			balloons		

air	shower	
				arrays	 Auger	

Spectrum	of	Cosmic	Rays	

15	



	accelerators	

			satellites,	
			balloons		

air	shower	
				arrays	 Auger	

Current models  
   tuned here 

Spectrum	of	Cosmic	Rays	
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§  Compare	to	QCD	and	Glauber	model,	tuning	EAS	simulaFons	
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ALICE 2011

TOTEM 2011

UA5

CDF/E710

Auger 2012 (Glauber)

QGSJet01

QGSJetII.3

Sibyll2.1

Epos1.99

Pythia 6.115

Phojet

pp inel. cross section at sqrt(s)=57 TeV 

Cosmic	Rays	and	LHC	
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§  CooperaFon	of	parFcle-	and	CR-physicists	has	been						
intensified	over	the	last	years.	

§  Extremely	useful	for	understanding	CR	nature	
§  Accelerator	data	helped	improving	shower	models.																													

Tools	of	CR	community	will	also	help	be_er	understanding			HE	
parFcle		interacFons:	models		someFmes	be_er	than															
HEP	models	

§  Need	common	approach	to	understand	muons	in	CR	showers	

§  NA61/SHINE	(SPS	Heavy	Ion	and	Neutrino	Experiment):																																							
important	input	data	for	cosmic	ray	and	neutrino	experiments.		

	

Cosmic	Rays	and	LHC	

18	



	
	

Cut-off	at	highest	energies	confirmed,	but	…	
	
	
	

																							
																					…	is	that	the	GZK	cut-off?	

	
																					…	or	do	the	sources	just		

																					run	out	of	power?	

190	000	events	
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Cut-off:	how	to	undestand	ist	nature	
	
	
	
	
	

																							

•  Need	a	be_er	mass	
determinaFon				to	check	how	
the	cut-off	depends												on	
parFcle	mass	

•  Need	more	staFsFcs	and	first	
point	sources	to	check	how	the	
cut-off	depends	on	distance		
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What	aFer	results	with	upgraded	
arrays?	

•  Ultrahigh-energy	cosmic	ray	physics	is	at	a	
turning	point		

•  High-energy	cut-off	has	been	clearly	confirmed,	but	nature	
unclear	

•  No	point	sources,	but	hot	spot	TA	+	“warm”	spot	Auger	
•  Origin	of	the	muon	excess	at	high	energies	not	undersstood	
•  DetecFon	and	study	of	point	sources	was	one	of	the	two	

primary	goals	of	Auger/TA.	Would	also	be	the	primary	
moFvaFon	for	any	future	EeV	CR	experiment	–		ground	based	
arrays	of	the	30	000	–	90	000	km²	class	or	the	space	based	JEM-
EUSO.			

•  Key	to	move	ahead	in	both	direcFons:	more	precise	mass	
assignment	of	individual	events	and	the	separaFon	of	a	proton	
event	sample	which	is	minimally	polluted	by	heavier	nuclei.		
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	Alexander	Chudakov	
	
	
	
	
	
	
	
	
	

							1965	
							

					First	search	for	gamma-ray	showers	in	the	atmosphere			
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	Trevor	Weekes	
	
	
	
	
	
	
	
	
	

							1989	
	
	
	
DetecFon	of	the	Crab	nebula	as		TeV	gamma-ray	source	
(WHIPPLE	Telescope/Arizona)		
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3rd generation Imaging Air Cherenkov  telescopes 

VERITAS,	USA	

H.E.S.S.,	Namibia	

	MAGIC,	La	Palma	
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 The	Sky	at	TeV-Energies	

RX J1713.7-3946 

					H.E.S.S.-Scan	of	the	galacFc	plane	

Moon	

	0.5°	

1989:						1	Source	
		1996:						3	Sources	
		2005:				80	Sources	
		2015:		150	Sources	
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 It‘s	going	to	be	like	classical	astronomy	!	

RX J1713.7-3946 

Moon	

	0.5°	

1989:						1	Source	
		1996:						3	Sources	
		2005:				80	Sources	
		2015:		150	Sources	

•  PeriodiciFes/Variability:				from	ms	to	years	
•  Energy-coverage: 	 						over	several	decades	
•  Source	posiFon:	 	 						on	the	arc-second	level	
•  Morphology	:	 	 	 						few	arc-min	level																			

(even	energy-dependent!)	
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•  Physics	beyond	the	Standard	Model	
–  	Indirect	Dark	Ma_er	Search	
–  	Test	of	Lorenz	Invariance	
–  	…	

•  Cosmology	
–  	Measurement	of	ExtragalacFc	Background	ightL	
–  	VHE	Standard	Candles	à	dark	energy	?	

	

	

It‘s	going	to	be	like	classical	astronomy	!	
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Summary	on	Gamma	Rays	

• CTA	will	open	a	new	era	in	
gamma-ray	astronomy	

•  It	will	be	flanked	by	wide-angle	arrays	like	
HAWC	(TeV	range),	SWGO?		and	LHAASO,	
TAIGA	(reaching	into	PeV	range)	

•  Follow-up	of	Fermi	satellite	is	sFll	open	
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	Moisej	Markov	
	

									1960	
	
	
	
		Proposal	to	detect	C-light	from	charged	parFcles	in	open	water	
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	Fred	Reines	
	

				1965	
	
	
	
	
	
	

Atmospheric	neutrinos	in	South	Africa	and	India	
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The	devices	

Baikal 

Antares 

AMANDA 
IceCube 
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Baikal,	Mediterranean	Sea,	South	Pole		

GVD 
Baïkal 

IceCube Gen2 
HEA +PINGU + …. 

KM3NeT 
(ARCA + 
ORCA) 
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IceCube	Neutrino	Observatory	

§  ~220	neutrinos/day	
§  Threshold	
					-	IceCube				~	100	GeV	
					-	DeepCore				~10	GeV	
	

 

IceTop	air	shower	detector	
81	pairs	of	water	Cherenkov	tanks	

	
	
	
	

IceCube		
86	strings	including	8	Deep	Core	strings	
60	PMT	per	string	
	

DeepCore	
8	closely	spaced	strings	

1450m	

2450m	
2820m	
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Follow-up	Analysis:	HESE		(High	Energy	StarFng	
Event)	First	evidence	for	an	extra-terrestrial	h.e.	neutrino	flux			

																																																																																																								2	yrs	data,	28	evts						
4.1!	
																																																																																																																											Science	342	(2013)	
	
																																																																																																								3	yrs	data,	37	evts						
5.9!	
																																																																																																																																					Phys.Rev.Le6.	113:101101	(2014)	
	
																																																																																																								4	yrs	data,	54	evts					~	
7!	
	
	
																																																																																																								Threshold	~	30	TeV	
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Follow-up	Analysis:	HESE		(High	Energy	StarFng	
Event)	First	evidence	for	an	extra-terrestrial	h.e.	neutrino	flux			

																																																																																																								2	yrs	data,	28	evts						
4.1!	
																																																																																																																											Science	342	(2013)	
	
																																																																																																								3	yrs	data,	37	evts						
5.9!	
																																																																																																																																					Phys.Rev.Le6.	113:101101	(2014)	
	
																																																																																																								4	yrs	data,	54	evts					~	
7!	

”Bert” 
1.04 PeV 

Aug. 2011 

”Ernie” 
1.14 PeV 
Jan. 2012 

”Big Bird” 
2 PeV 

Dec. 2012 
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2.6	PeV	!	
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2	indica+ons	for	point	sources	

38	



The	IceCube	Gen2	facility:	conceptual	
drawing	

• PINGU	:	low	energy,					
mass	hierarchy	

• High	Energy	Array	(HEA)							
					-	100	TeV-	PeV	scale	

neutrinos				 		
• Cosmic	Ray	Array	(CRA)																				
-	veto	array	for	HEA																									
-	cosmic	ray	physics		

• Radio	Array	(RA)																																	
	-		>	100	PeV																																								
	-	BZ	(GZK)	neutrinos	
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GVD:	from	NT200	to	GVD	clusters	
•  DUBNA	cluster	with	80	m	diameter	

working	since	April	2015	
•  A	down-going	muon																																										

in	the	DUBNA	cluster	

NT200																	
											„DUBNA“																													
																																																										final	
cluster		.																																										(1	of	
10-12	in	Phase-1)	

2015	sFll	80	m	
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ORCA 

Phase	2.0:		ORCA	and	ARCA														
(2020?)	

France	

Italy	ARCA 

ORCA:	determinaFon	of		the	Neutrino	Mass	Hierarchy	(NMH)	
	

ARCA:	IceCube	physics,	but	with	be_er	angular	resoluFon	and		
												from	the	Northern	hemisphere	 42	



Conclusions	HE	neutrinos	
•  Cosmic	high-energy	neutrinos	discovered	!	
•  Opened	new	window,	but	landscape	not	yet	charted:																														

one	point	source	idenFfied(3	sigmas)	up	to	now	
•  Remaining	uncertainFes	on	spectrum	and	flavor	composiFon	
•  First	point	source(s)	seen.	Many	Point	sources	in	reach!	
•  Need	larger	detectors,	also	with	different	systemaFcs	and	at	the	

Northern	hemisphere.	

•  Next	logical	step:	ARCA		+		GVDPhase1	

•  Next	logical	step	on	NMH:	ORCA	(then	PINGU)	
•  ~2028:	A	Global	Neutrino	Observatory																											
(KM3NeT-GVD-IceCube-Gen2,)	full	sky	with	>	5	km³	
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	Albert	Einstein	
	

											1916	
	
	
	
																																																						PredicFon	of	gravitaFonal	waves	
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	Joseph	Weber		
	

		1958	
	
	
	
	
	
	
	
					
																								Search	for	GW	with	a	bar	cylinder	 46	



GEO, Hannover, 600 m 

aVirgo, Pisa 3 km 

LIGO Hanford, 4 km:   
aLigo, 4 km 

LIGO Livingston, 4 km 

TAMA, Tokyo 300 m 
KAGRA 3km  
being started 

The	current	GW	network	of	interferometers	
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GEO, Hannover, 600 m 

aVirgo, Pisa 3 km 

LIGO Hanford, 4 km:   
aLigo, 4 km 

LIGO Livingston, 4 km 

 
KAGRA 3km  
 

The	GW	network	in	4-5	years	

LIGO India 

GW Australia ? 

48	



49	



50	



51	



High	and	ultra	high	energy	mul+-
messenger	astronomy	

•  Gamma	ray	astronomy	paved	the	way,	gives	the	reference	
map	of	the	high	energy	sky	(Thousands	of	sources):	CTA	
next		very	large	infrastructure	

•  Strong	evidence	for	extraterrestrial	TeV	to	PeV	neutrinos.	
Probably	poinFng	to	a	new	class	of	blazars	(mergers?).	

•  Cut-off	of	the	cosmic	ray	high	energy	spectrum	seen:	
composiFon	(p	or	Fe)	and	muon	producFon	near	the	cut-
off	debated.	Origin	unknown.	

•  GravitaFonal	waves	is	entering	the	game	and	open	new	
quesFons:	origin	of	30	solar	masses	black	holes,	gamma	ray	
bursts	and	neutron	stars	collapses…		

•  MulF	messenger	approach	crucial,	including	gravitaFonal	
waves	and	convenFonal	astronomy	(open	data	policy,	
virtual	observatories	including	these	new	messengers	will	
help)	
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General	conclusions	on	Open	Data	
Policy	taken	from	gravita+onal	waves	

antennas	remarkable	prac+ces	
•  Ground	gravitaFonal	antennas:	bo_om-up	
approach,	science	driven	data	policy		

•  General	consideraFons:	avoid	false	discoveries	
(largely	quoted	and	contribuFng	to	the	h-
index!!!!),	give	proper	credit	by	quoFng	properly	
the	used		data	release	(collaboraFon),	resources	
have	to	be	planned	from	the	very	beginning	with	
funding	agencies	

•  Works	now	also	quite	well	with	GNN	(Global	
Neutrino	Network	observatory)	
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Open	Data	policy	(5	tempos)	for	high	energy	
mul+messenger	astronomy	(extra	resources	

needed)	
•  Data	validaFon	(CollaboraFon)	
•  First	data	releases	for	joint	analysis	
(CollaboraFons)	
–  For	combinaFons	and	mutual	cross-checks	
–  For	complementary	approaches	

•  Open	trigger	on	or	off	line	(for	collaboraFons	on	
mulF-messenger	astronomy)	

•  Data	in	open	access	for	the	community	(get	the	
collaboraFon	and	the	community	prepared,	
virtual	observatory	model,	central	office	and	
help-desk	for	data	and	codes?)	

•  Data	preservaFon	and	legacy	
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Access	and	Data	Policy	

•  There	is	always	compeFFon	(e.g.	for	funding	
opportuniFes,	fame,	…)	but	there	must	be	also	
consensus	on	sharing	of	data,	know-how,	…	

•  MoU	(bo_om-up	iniFated	and	science	driven)	signed	
by	funding	agencies,	with	a_ached	resources,		could	
be	an	adequate	tool	
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Features	of	Par+cle	astrophysics	

•  CollaboraFve	
•  InnovaFve	(creaFng	new	instruments)	
•  SFmulaFng	
•  “coopeFFon”	
•  Search	for	Unity	(explanaFons,	class	of	
objects,	laws)	within	Diversity	(objects	in	the	
sky):	observaFonal	cosmology	is	a	success	in	
that	direcFon	
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A	fascina+ng	field	

•  Bold	
•  Inclusive	and	parFcipaFve	(developing	
countries,	gender	balance,young	people,	local	
community)	

•  Interdisciplinary	
•  Incredible	locaFons	and	instruments	
•  Rich	in	discoveries	
•  SomeFmes	disrupFve	
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Interna+onal	Year	of	Basic	Sciences	
for	Sustainable	Development	in	2022	

•  IUPAP	(InternaFonal	Union	of	Pure	and	Applied	
Physics)	is	taking	the	lead	for	the	proclamaFon	of	
an	InternaFonal	Year	of	Basic	Sciences	for	
Sustainable	Development)	

•  It	was	recommended	by	the	UNESCO	ExecuFve	
Board	and	soon	by	the	UNESCO	General	
Conference.	The	proclamaFon	should	be	by	the	
UN	end	of	2020	

•  We	are	looking	forward	ArgenFna	organizing	an	
event,	maybe	on	MulFmessenger	Astronomy	and	
Sustainable	Development.	
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